AFRL-RV-PS- AFRL-RV-PS-
TR-2013-0117 TR-2013-0117
|

MANAGING SPACE SITUATIONAL AWARENESS
USING THE SPACE SURVEILLANCE NETWORK

David B. Spencer and Patrick S. Williams

Department of Aerospace Engineering
The Pennsylvania State University
229 Hammond Bldg.

University Park, PA 16802

14 Nov 2013

Final Report

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

AIR FORCE RESEARCH LABORATORY
Space Vehicles Directorate

3550 Aberdeen Ave SE

AIR FORCE MATERIEL COMMAND
KIRTLAND AIR FORCE BASE, NM 87117-5776




DTIC COPY
NOTICE AND SIGNATURE PAGE

Using Government drawings, specifications, or other data included in this document for
any purpose other than Government procurement does not in any way obligate the U.S.
Government. The fact that the Government formulated or supplied the drawings,
specifications, or other data does not license the holder or any other person or corporation;
or convey any rights or permission to manufacture, use, or sell any patented invention that
may relate to them.

This report is the result of contracted fundamental research deemed exempt from public affairs
security and policy review in accordance with SAF/AQR memorandum dated 10 Dec 08 and
AFRL/CA policy clarification memorandum dated 16 Jan 09. This report is available to the general
public, including foreign nationals. Copies may be obtained from the Defense Technical
Information Center (DTIC) (http://www.dtic.mil).

AFRL-RV-PS-TR-2013-0117 HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT

//SIGNED// //SIGNED//

R. Scott Erwin PAUL HAUSGEN

Program Manager Technical Advisor, Spacecraft Component Technology Branch
//SIGNED//

BENJAMIN M. COOK, Lt Col, USAF
Deputy Chief, Spacecraft Technology Division
Space Vehicles Directorate

This report is published in the interest of scientific and technical information exchange, and its
publication does not constitute the Government’s approval or disapproval of its ideas or findings.

Approved for public release; distribution is unlimited.


1264245415E
Typewritten Text
Approved for public release; distribution is unlimited.  

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text


d
REPORT DOCUMENTATION PAGE OMB N6, bron 0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)

14-11-2013 Final Report 29 Feb 2012 — 30 Aug 2013

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Managing Space Situational Awareness Using the Space Surveillance 5b. GRANT NUMBER
FA9453-12-1-0146

Network
5¢c. PROGRAM ELEMENT NUMBER
62601F

6. AUTHOR(S) 5d. PROJECT NUMBER
4846

David B. Spencer and Patrick S. Williams 5e. TASK NUMBER
PPMO00017354
5f. WORK UNIT NUMBER
EF120702

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT

NUMBER

Department of Aerospace Engineering

The Pennsylvania State University

229 Hammond Bldg.

University Park, PA 16802

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

Air Force Research Laboratory AFRL/RVSV

Space Vehicles Directorate

3550 Aberdeen Ave. SE 11. SPONSOR/MONITOR’S REPORT

Kirtland AFB, NM 87117-5776 NUMBER(S)
AFRL-RV-PS-TR-2013-0117

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution is Unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The large number of space objects compared to the limited sensors available to track them results in measurements
occurring infrequently. It is necessary to create some form of utility metric to determine which sensors should observe
which objects at a particular instant of time. This report examines the use of utility metrics from two forms of expected
information gain for each object-sensor pair as well as the approximated stability of the estimation errors in order to work
towards a tasking strategy. The investigation of this coupling demonstrates that the use of more accurate filters leads to
better overall estimates, not only due to the advantages within the estimation methods, but also from the improvement in
tasking decisions due to selection of these estimators.

15. SUBJECT TERMS
Space Situational Awareness, Kalman Filter, Fisher Information Gain, Sensor Tasking, Orbit Determination, Shannon
Information Gain

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES | PERSON
R. Scott Erwin
a. REPORT b. ABSTRACT C. THIS PAGE Unlimited 168 19b. TELEPHONE NUMBER (include
Unclassified Unclassified Unclassified area code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




(This page intentionally left blank)

Approved for public release; distribution is unlimited.


sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text
Approved for public release; distribution is unlimited.  

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1078341862C
Typewritten Text


TABLE OF CONTENTS

Section Page
LIST OF FIGURES ...cccooiiiiiiiiiinieninncnsnncssssicssssicssssesssssssssssssssssesssssessssssssssssssssssssssssssssssssssseses iii
LIST OF TABLES ....uuuiiiitiiitrinnncnsniensnnncssssicssssicssssssssssssssssssssssessssssssssssssssssssssssssssssssssssses ix
1.0 SUMMARY ..uuiiiiiniicinnnicisnnicsssnccsssnesssnessssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssss 1
2.0 INTRODUCTION....uuuiiiiruricssnnecssanecsssnessssessssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssss 3
2.1 MOtIVALION .c.eeitiitiiieiie sttt a e s st s h et a e na e s saeea e 3
2.2 Review Of Previous LITEratUuIC .....ccccviiiiiiiiiiiiiiiicicrence et 4
2.2.1 Sensor Tasking and SSA ..ottt ettt e she e sae e st st st et e e e eeeens 5
2.2.2 Estimation and Orbit DeteTmMINation ........eeeeruerrereererrireereesrese et eeesre s eseesre s et e sanesnenees 7

2.3 ReSEArCh CONITIDULIONS ..cuveveeurireriieie sttt sttt sttt sttt e bt st e resre e e e resre e e e nesneennes 8
2.4 REPOTE OULIIME ...ttt sttt sttt et sb e st bt et s b eb e e e s bt sae et e sbeeasenbesbeeatenbesbeemeebe bes 10
3.0 METHODS, ASSUMPTIONS AND PROCEDURES .......iiiirsrinsnrcssnncsssencssssecsnsens 12
3.1 Dynamics and Measurement MOdEIS ........ccociiiiiiiiiiiiiiiriiiieniee et sire e sae s sbe e ssineeseee s 12
3.1.1 ODJECE DYNAIMICS...eiuviiiieeiieeiiiieiieesitee ettt esiteesbeesteessbaesssbeesabeesbaeensaeessseesaseesssseenssesssesssseeenss 12
3.1.2 SeNSOT DYNAIMICS ..veeruvieuiietieteeiteesieesteesite st e site st sateeabeebe e be e bt e bt e sbeesbeesbeesaeesabesabesabeeabeenseensean 15
3.1.3 SenSOT MOGEL ...c.eiiiiiiiiiieeee ettt st 16

3.2 Nonlinear ESHMALION .....ocveeeriiiieieniisieeiese ettt st sse e e b re s enes 18
3.2.1 The Gaussian DiStrTDULION ......eevertirieiieriiiieiese ettt bbb e ee e 18
3.2.2 Wiener Filtering and the Linear Kalman Filter.........ccccocviiviiiniiiniinniiiiieeniecsiec e 22
3.2.3 The Extended Kalman Filter .........c..coccouiiiiiiiiiiinincicicicteescseteeeeee et 27
3.2.4 The Unscented Kalman FIlter .........c.ccooeiiiiiiiiiniiniictececeeeetee e 31
3.2.5 Gaussian Mixture Models and the AEGIS Filter..........ccccccoeviiinininininiieieiieseseeees 35

IR I 1S 1 R10) i T < =PRSS 46
3.3.1 Tasking Problem OrganizZation .............cccceerevercvrrcreerieerieeseeseessessesseesseesseesssessessssessesssesssennns 47
3.3.2 Fisher Information Gaill........c..coceeeueririeninieniiniieeeeneetesie ettt ettt st nae e nees 48
3.3.3 Shannon Information GaiN............cccceeiiiiiiiiiiiiiiiiic et 56
3.3.4 Lyapunov EXPONent IMELIICS .....c.ueiruieiciieeriieiiieeireesteeesteeeseseesteeesseessseeessseesssesassssessseesssessnnns 66

4.0 RESULTS AND DISCUSSION uucciiiiuieiinicisnecsssnecssanecsssnesssssessssnssssssssssssssssssssssssssssssssssasses 72
B 01 V1o 1 11221 510 s BTSSP PP UROPPT 72
4.2 Post-Simulation Performance MEIIICS .........coereeriirririerienieniesie et ettt ee e b eeenne s 74

i

Approved for public release; distribution is unlimited.



4.3 LOW-EITOr SIMUIALION ...covviiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeee et 76

4.3.1 All Data TasKiNE ...cccueeeuieruiiiiiiieeieee ettt sttt st st st st st et e et e et e e nbeesbeesbeenbeenns 77
4.3.2 FIG TASKINE ..eeuteeieeiieitieitteeite ettt ettt ettt st she e bt e she e sae e sat e st e eateeat e et e ebeenbeebeebeenees 81
4.3.3 SIG TASKINE .verveeieeiiiieeeiieteee ettt st st e e e sse et sresse e s e nresaee e e aneeanes 90
4.3.4 LLE TaSKING ..eveiutiiiiieeiertieieee sttt ettt ettt sttt sbe et st st et sheese et e sbeene et e sneeanes 98

4.4 High-Error SIMUIATION ..coviitiriieiiieeiesesieeteise ettt et sb st ebe b b e 105
4.4.1 All Data TasKING .....ceevuiiiiiieiiieiiie et esiee et sre et eesiae e sre e steesbaeessbeesabeesbaesnsseesseesnseeenns 107
4.4.2 FIG TASKINE ..euteeniieieeteeieesieet ettt sttt et ettt et ettt e bt e sb e e beesbeesbeesbeesaeesaeesanenas 111
4.4.3 SIG TASKINE ..eeverreeieieeieeeie ettt sttt s r s sr e sbeeresre b e nesee s 117
4.4.4 LLE TaSKING ..ccveiveeieieeieeeie ettt sttt st et nesr e s n e ne s 126

5.0 CONCLUSIONS ...iiirtieinsnencssnnccsssnessssessssssssssssessssessssssssssssssssssssssssssssssssssssssssssssssssssssssss 134
REFERENCES.....uuiiiiiintiinnniinntiiinticssiesssstesssssssssstssssstsssssssssssessssssssssssssssssssssssssssssssssase 137
APPENDIX A - The Determinant of the FIG Matrix for an EKF ...........cuueeneeevvrnnuensnnennns 142
APPENDIX B - Estimation AIZOrithms.........ccoceieiveinisnicssncsssnncsssnnesssisssssssssssssssssssssssesssnes 143
LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS .....cooviivuiiiuecsnensnecsancsnnccnns 149

i

Approved for public release; distribution is unlimited.



Figure

10

11

12

13

14

15

16

17

LIST OF FIGURES

[lustration of a simple SSA system necessitating sensor tasking for 6 orbiting
objects O; (i = 1,...,6) to be tracked, and sensors S; (j = 1,...,4) to track them (3
ground, 1 OrbItiNg). .. ..ot e
INustration of SSA system sensor measurements from sensor S; of object O; with
field of regard I'; spanning a range of A; and half-angle ¥; (represented by
shaded region). In this figure, the x - y axis reflects an Earth-centered inertial

[lustration of initial Gaussian uncertainty distribution of space object and
contour overlay of PDF evaluation using Equation 19 ...........ccccceevviieiiiieicieennen.
lustration of initial Gaussian uncertainty distribution propagated through
nonlinear orbit dyNamICS. ... ...ouuteit it
x-variable PDF of propagated distribution of space objects (binned into 25
equally spaced x-position locations) with corresponding Gaussian PDF overlay...
y-variable PDF of propagated distribution of space objects (binned into 25
equally spaced y-position locations) with corresponding Gaussian PDF overlay...
[lustration of a signal (blue), that same signal corrupted by noise (red dashed),
and the signal estimate which can be gained through signal observations and
1S LT € (1<) ) P
[lustration of propagation of sigma points through nonlinear object equations of
motion to calculate forecast state and covariance estimates. The ellipses
represent a 3o Gaussian error ellipse, which can be obtained from the covariance

estimate P, and Pl ..........oooiiiiiii

Propagation of initial Gaussian distribution showing contour overlay of the
evaluation of Equation 19 with EKF forecast mean and covariance..................
Propagation of initial Gaussian distribution showing contour overlay of the
evaluation of Equation 19 with UKF forecast mean and covariance.................
Propagation of initial Gaussian distribution with GMM PDF contour overlay
calculated from propagating initial Gaussian PDF using AEGIS methods..........
Plots of the propagation of displacement between two initially close LEO, MEO
and GEO O1bits. ...
Distribution of semimajor axes and eccentricities of 100 objects in low-error
SIMUIATION. ...
EKF, UKF, and AEGIS histograms of position estimate error distributions for all
data simulation. Plots include data from all objects at all simulation time steps...

EKF, UKF, and AEGIS histograms of J }’k metric in Equation 202 for all data
simulation. Plots include data from all objects at all simulation time steps.........
EKF, UKF, and AEGIS plots of A’ = 7,/¢! &7 metric for the object with the
highest average position error in the all data simulation...............................
Bar graphs showing the log;( average position error for each object given in
Equation 200, through implementation of an EKF, UKF, and AEGIS filter in
conjunction with all data tasking strategy. In this case, all filters have equal
iii
Approved for public release; distribution is unlimited.

Page

13

17
21
21
22

22

23

31

35
35
46
69
76

78

79

80


1264245415E
Typewritten Text
15

1264245415E
Typewritten Text
79

1264245415E
Typewritten Text


18

19

20

21

22

23

24

25

26

27

28

29

amounts of updates for each object, reflecting the maximum updates possible for
] 0] 0 1S £
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with all data tasking strategy. In
this case, all filters have equal amounts of updates for each object, reflecting the
maximum updates possible for all objects............ccoviiiiiiiiiiiiiii,
EKF, UKF, and AEGIS histograms of position estimate error distributions for
FIG simulation. Plots include data from all objects at all simulation time steps....

EKF, UKF, and AEGIS histograms of J IP . metric in Equation 202 for FIG

simulation. Plots include data from all objects at all simulation time steps.........
Bar graphs showing the log;o average position error for each object given in
Equation 200, through implementation of an EKF, UKF and AEGIS filter in
conjunction with a FIG tasking strategy..............coooiiiiiiiiiiiiiiiiiiinin.n.
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with an FIG tasking strategy.
The FIG tasking results in many updates to a select few objects, while many
other objects receive little to NONE..........oviiiiiiiiii e,
Plot of the position error Ar,, and tasking decisions for object 71 using FIG

tasking strategy in conjunction with an EKF. Thick sections of line represent
times when observations were available between object 71 and one or more

171 10) £
Plot of the position error Ar;, and tasking decisions for object 71 using FIG

tasking strategy in conjunction with a UKF. Thick sections of line represent
times when observations were available between object 71 and one or more
L3310
Plot of the position error Ar;, and tasking decisions for object 71 using FIG

tasking strategy in conjunction with an AEGIS filter. Thick sections of line
represent times when observations were available between object 71 and one or
1810 LSS 1 o) P
Plot of the FIG utility metric and tasking decisions for object 71 using FIG
tasking strategy in conjunction with an EKF. Thick sections of line represent
times when observations were available between that object and one or more
L3110
Plot of the FIG utility metric and tasking decisions for object 71 using FIG
tasking strategy in conjunction with a UKF. Thick sections of line represent
times when observations were available between that object and one or more
L3110
Plot of the FIG utility metric and tasking decisions for object 71 using FIG
tasking strategy in conjunction with an AEGIS filter. Thick sections of line
represent times when observations were available between that object and one or
10 TS 1 o) 6P
EKF, UKF, and AEGIS histograms of position estimate error distributions for
SIG simulation. Plots include data from all objects at all simulation time steps....

iv
Approved for public release; distribution is unlimited.

80

81

83

83

84

84

86

86

87

87

88

89

91


1264245415E
Typewritten Text
20

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
83

1264245415E
Typewritten Text

1264245415E
Typewritten Text


30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

EKF, UKF, and AEGIS histograms of J IP . metric in Equation 202 for SIG

simulation. Plots include data from all objects at all simulation time steps.........
Bar graphs showing the log;o average position error for each object given in
Equation 200, through implementation of an EKF, UKF and AEGIS filter in
conjunction with an SIG tasking strategy..............oovviiiiiiiiiiiiiiiiii
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with a SIG tasking strategy......
Plot of the position error Ar,, and tasking decisions for object 21 using SIG

tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between object 21 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 21 using SIG

tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between object 21 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 21 using SIG

tasking strategy in conjunction with an AEGIS Filter. Thick sections of line
reflect times when observations were available between object 21 and one or
10 TS 1 o) 6 PP
Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG
tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG
tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG
tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between that object and one or
107 TS 0 o) 6P

EKF, UKF, and AEGIS plots of Am =T A;’kéik metric for object 21 in the SIG

SIMULALION . ..ot
EKF, UKF, and AEGIS histograms of position estimate error distributions for
the LLE simulation. Plots include data from all objects at all simulation time

EKF, UKF, and AEGIS histograms of J IP . metric in Equation 202 for the LLE

simulation. Plots include data from all objects at all simulation time steps..........
Bar graphs showing the log;o average position error for each object given in

Equation 200, through implementation of an EKF, UKF and AEGIS filter in

conjunction with an LLE tasking strategy................c.oooiiiiiiiiiiiiiiiiiann,
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with an LLE tasking strategy.....
Plot of the position error Ar,, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between object 21 and one or more sensors....

\
Approved for public release; distribution is unlimited.

92

92

93

94

95

96

96

97

97

98

99

100

101

101

102


1264245415E
Typewritten Text
30

1264245415E
Typewritten Text
92

1264245415E
Typewritten Text
39

1264245415E
Typewritten Text

1264245415E
Typewritten Text
98

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
41

1264245415E
Typewritten Text

1264245415E
Typewritten Text
100

1264245415E
Typewritten Text

1264245415E
Typewritten Text


45

46

47

48

49

50

51

52

53

54

55

56

57

58

Plot of the position error Ar,, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between object 21 and one or more sensors....
Plot of the position error Ar;, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between object 21 and one or
1810 LSS 1 o) P

Plot of the LLE utility metric A and tasking decisions for object 21 using the
LLE tasking strategy in conjunction with an EKF. Thick sections of line reflect
times when observations were available between that object and one or more
L3310

Plot of the LLE utility metric A and tasking decisions for object 21 using the
LLE tasking strategy in conjunction with a UKF. Thick sections of line reflect
times when observations were available between that object and one or more
L3110

Plot of the LLE utility metric A and tasking decisions for object 21 using the
LLE tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between that object and one or
18102 TSR 0 o) 6P
Distribution of semimajor axes and eccentricities of 100 objects in high-error
SIMUIATION. . .o e
EKF, UKF, and AEGIS histograms of position estimate error distributions for all
data simulation. Plots include data from all objects at all simulation time steps...

EKF, UKF, and AEGIS histograms of J ﬁk metric in Equation 202 for all data

simulation. Plots include data from all objects at all simulation time steps.........

EKF, UKF, and AEGIS plots of Am = /{1 &7y metric for the object with the

highest average position error in the all data simulation........................... ...

Bar graphs showing the logo average position error for each object given in
Equation 200, through implementation of an EKF, UKF, and AEGIS filter in
conjunction with all data tasking strategy. In this case, the filters have equal
amounts of updates, reflecting the maximum updates possible for all objects......
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with all data tasking strategy. In
this case, the filters have equal amounts of updates, reflecting the maximum
updates possible for all objects........c.oviuiiiii i
EKF, UKF, and AEGIS histograms of position estimate error distributions for
FIG simulation. Plots include data from all objects at all simulation time steps....

EKF, UKF, and AEGIS histograms of J ﬁk metric in Equation 202 for FIG
simulation. Plots include data from all objects at all simulation time steps..........

Bar graphs showing the logo average position error for each object given in
Equation 200, through implementation of an EKF, UKF and AEGIS filter in

Vi
Approved for public release; distribution is unlimited.

102

103

103

104

104

106

108

108

109

110

110

112

113


1264245415E
Typewritten Text
45

1264245415E
Typewritten Text

1264245415E
Typewritten Text
102

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
47

1264245415E
Typewritten Text

1264245415E
Typewritten Text
103

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
48

1264245415E
Typewritten Text
104

1264245415E
Typewritten Text

1264245415E
Typewritten Text
49

1264245415E
Typewritten Text
104


59

60

61

62

63

64

65

66

67

68

69

70

71

72

conjunction with an FIG tasking strategy.............ccoooviiiiiiiiiiiiiiniinnan...
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with a FIG tasking strategy. As
with the low-error scenario, the FIG tasking results in many updates to a select
few objects, while many other objects receive little to none...........................
Plot of the position error Ar,, and tasking decisions for object 59 using FIG

tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between object 59 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 59 using FIG

tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between object 59 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 59 using FIG

tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between object 59 and one or
10 LSS 0 o) 6P
Plot of the FIG utility metric and tasking decisions for object 59 using FIG
tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the FIG utility metric and tasking decisions for object 59 using FIG
tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the FIG utility metric and tasking decisions for object 59 using FIG
tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between that object and one or
10 TS 1 0 ) ¢ PP
EKF, UKF, and AEGIS histograms of position estimate error distributions for
SIG simulation. Plots include data from all objects at all simulation time steps...

EKF, UKF, and AEGIS histograms of J }Jk metric in Equation 202 for SIG

simulation. Plots include data from all objects at all simulation time steps.........
Bar graphs showing the log; average position error for each object given in
Equation 200, through implementation of an EKF, UKF and AEGIS filter in
conjunction with a SIG tasking strategy..............coeiiiiiiiiiiiiiii e,
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with a SIG tasking strategy......
Plot of the position error Ar,, and tasking decisions for object 39 using SIG

tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between object 39 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 39 using SIG

tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between object 39 and one or more sensors....
Plot of the position error Ar,, and tasking decisions for object 39 using SIG

tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between object 39 and one or
vii
Approved for public release; distribution is unlimited.

113

114

115

115

116

116

117

117

119

120

120

121

122

123


1264245415E
Typewritten Text
122

1264245415E
Typewritten Text
123


73

74

75

76

77

78

79

80

81

82

83

84

85

86

INIOTE SETISOTS. ... ettt et ettt et et ettt et ettt e et e e e e et et et e et e e et et e eneaenaes
Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG
tasking strategy in conjunction with an EKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG
tasking strategy in conjunction with a UKF. Thick sections of line reflect times
when observations were available between that object and one or more sensors...
Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG
tasking strategy in conjunction with an AEGIS filter. Thick sections of line
reflect times when observations were available between that object and one or
10 (oS 10 PR

EKF, UKF, and AEGIS plots of A, = 7./¢/, &7 metric for object 39 in the SIG

SIMULALION . ..o e
EKF, UKF, and AEGIS histograms of position estimate error distributions for
LLE simulation. Plots include data from all objects at all simulation time steps...

EKF, UKF, and AEGIS histograms of J ik metric in Equation 202 for LLE

simulation. Plots include data from all objects at all simulation time steps..........
Bar graphs showing the log;o average position error for each object given in
Equation 200, through implementation of an EKF, UKF and AEGIS filter in
conjunction with an LLE tasking strategy...............ccccoviiiiiiiiiiiii i,
Bar graphs showing the updates each object received through implementation of
an EKF, UKF, and AEGIS filter in conjunction with an LLE tasking strategy.....
Plot of the position error Ar,, and tasking decisions for object 39 using LLE

tasking strategy in conjunction with an EKF. Thick sections of line are times at
which observations were available between object 39 and one or more sensors...
Plot of the position error Ar,, and tasking decisions for object 39 using LLE

tasking strategy in conjunction with a UKF. Thick sections of line are times at
which observations were available between object 39 and one or more sensors...
Plot of the position error Ar,, and tasking decisions for object 39 using LLE

tasking strategy in conjunction with an AEGIS filter. Thick sections of line are
times at which observations were available between object 39 and one or more
L3811 )

Plot of the LLE utility metric A' and tasking decisions for object 39 using LLE
tasking strategy in conjunction with an EKF. Thick sections of line are times at
which observations were available between that object and one or more sensors..

Plot of the LLE utility metric A' and tasking decisions for object 39 using LLE
tasking strategy in conjunction with a UKF. Thick sections of line are times at
which observations were available between that object and one or more sensors..

Plot of the LLE utility metric A" and tasking decisions for object 39 using LLE
tasking strategy in conjunction with an AEGIS filter. Thick sections of line are
times at which observations were available between that object and one or more
L3810
viii
Approved for public release; distribution is unlimited.

123

124

124

125

125
126

127

128

129

129

130

131

131

132

132


1264245415E
Typewritten Text
76

1264245415E
Typewritten Text
125

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
78

1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text
127


LIST OF TABLES
Table Page
I Weights (vl) , means (ml), and variance (&) fora L =3 and ¢=0.001

solution to the minimization problem outlined in Equation 66. These represent
the splitting of an original Gaussian PDF to be approximated by three Gaussian

PDFs with the corresponding weights and means, and all having equal 38

VATTATICE. 1.eeuvveeeereeeeteeetteesteeeeseeesseeesssaeessaeasseeansseesssseaassseeassseaassseessseeensseeenssaennes
2 SSA Sensor Initial States (note j = 1 represents orbiting sensor).................... 73
3 SSA Sensor Constraints (note j = 1 represents orbiting S€nsor)...................... 73
4 Constants in SSA SImMUlation............ooiiiiiiiiiii e 74
5 Initial Standard Deviations: Low-Error Simulation.......................ccoeeenet. 77
6 Simulation Performance Metrics for All Data Low-Error Simulation.............. 77
7 Simulation Performance Metrics for FIG Low-Error Simulation.................... 82
8 Simulation Performance Metrics for SIG Low-Error Simulation.................... 91
9 Simulation Performance Metrics for LLE Low-Error Simulation................... 98
10  Initial Standard Deviations: High-Error Simulation.................................. 106
11 Sensor Noise for High-Error Simulations.................ccoooiiiiiiiiiiiiiin e, 107
12 Simulation Performance Metrics for All Data High-Error Simulation............. 107
13 Simulation Performance Metrics for FIG High-Error Simulation................... 112
14  Simulation Performance Metrics for SIG High-Error Simulation................... 119
15  Simulation Performance Metrics for LLE High-Error Simulation.................. 126

iX

Approved for public release; distribution is unlimited.



ACKNOWLEDGEMENT
This material is based on research sponsored by Air Force Research Laboratory under

agreement number FA9453-12-1-0146. The U.S. Government is authorized to reproduce and
distribute reprints for Governmental purposes notwithstanding any copyright notation thereon.

X

Approved for public release; distribution is unlimited.


1264245415E
Typewritten Text

1264245415E
Typewritten Text

1264245415E
Typewritten Text


DISCLAIMER

The views and conclusions contained herein are those of the authors and should not be
interpreted as necessarily representing the official policies or endorsements, either expressed or
implied, of Air Force Research Laboratory or the U.S. Government.

Xi

Approved for public release; distribution is unlimited.


1264245415E
Typewritten Text


(This page intentionally left blank)

Xii
Approved for public release; distribution is unlimited.



1.0 SUMMARY

The tracking of Earth orbiting objects has been a topic of growing concern, due to the fact
that the amount of man-made orbital debris, and the number of active and inactive space objects
have been steadily increasing over the past several decades. Space Situational Awareness (SSA)
is concerned with the tracking, detection, and cataloging of numerous space objects using
relatively few ground-and space-based sensors known as the Space Surveillance Network (SSN).
While these sensors provide observations of object characteristics (range, azimuth, elevation,
etc.) the large number of objects compared to the limited sensors available to track them results
in measurements occurring infrequently. These potentially long periods of either inability to
make observations (due to line-of-sight access) or unavailability of sensors (due to scheduling
constraints) necessitates the need to intelligently determine which objects should be observed
and which should be ignored at various times, a process known as sensor tasking or sensor
network management.

In order to make these tasking decisions, it is necessary to create some form of utility metric
to determine which sensors should observe which objects at a particular instant of time. This
report examines the use of utility metrics from two forms of expected information gain for each
object-sensor pair as well as the approximated stability of the estimation errors in order to work
towards a tasking strategy. The information theoretic approaches use the calculation of Fisher
information gain (FIG), an estimate of the upper bound of information present in an unbiased
estimator, and Shannon information gain (SIG), a measure of information gained about the
particular state. Both of these methods are considered myopic or greedy in nature, due to the fact
that they calculate only information gained over one simulation time step. FIG has been studied
previously as a potential sensor tasking metric, and has even been investigated in applications to
SSA, while SIG has been suggested as a possible sensor tasking metric, but has yet to be
investigated when applied to sensor tasking in the SSA problem. The stability approach reflects a
new type of metric referred to in these studies as largest Lyapunov exponent estimation (LLE),
and has yet to be studied as a sensor tasking utility metric.

The process of evaluating these utility metrics is intrinsically tied in with state and
uncertainty estimates provided by a nonlinear filter. That is, each utility metric requires estimates
provided by the filters in order to be calculated, creating a coupling effect between the estimation
and tasking components of the satellite tracking problem. In order to investigate this, three
candidate nonlinear estimators, an extended Kalman filter (EKF), an unscented Kalman filter
(UKF) and a recently introduced adaptive entropy-based Gaussian-mixture information synthesis
(AEGIS) filter are tested. The primary difference in these filters is their ability to approximate
system nonlinearities in their application, with previous work showing that the AEGIS filter
performs the best in this regard, while the EKF performs the worst. While many studies have
shown how an EKF and UKF differ in estimation performance when applied to orbit
determination problems, little work has been done to investigate the AEGIS filter in these

regards.
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While much recent research has been conducted investigating specific methods of either
sensor tasking or nonlinear estimation, there are yet to be any studies which investigate the
coupling of the two, as it is related to overall tracking performance. The investigation of this
coupling demonstrates that the use of more accurate filters leads to better overall estimates, not
only due to the advantages within the estimation methods, but also from the improvement in
tasking decisions due to selection of these estimators.
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2.0 INTRODUCTION

2.1 Motivation

Beginning with the inception of the space program, the ability to accurately monitor man-
made resident space objects has become of paramount importance to the continuation and safety
of our near-Earth space operations. This process of detection, tracking, and cataloging space
objects is known as Space Situational Awareness (SSA). Since the beginning of the space
program, the U.S. Air Force Space Command has been charged with the tracking of various
active satellites, deactivated satellites, and space debris for the purposes of cataloging and
conjunction analysis. With decades of man-made objects being placed into various Earth orbits,
the tracking of these objects becomes ever more difficult, with the probability for inaccurate
object position estimates, improper object identification, and even object collisions increasing as
each new object is introduced to the space environment. Current estimates of the number of
objects needed to be tracked are around twenty thousand, while the U.S. resources available to
track them stand at about twenty globally positioned optical and phased array sensors known as
the Space Surveillance Network (SSN).

For scenarios such as this in which there exists a disproportionate ratio between objects
tracked and sensors available to observe them, a problem may arise in which a particular sensor
may have multiple objects visible to it, but constraints prohibit it from observing all of those
objects within the window where they are visible. Additionally, problems may also arise in cases
where large gaps exist between opportunities to make observations. This situation is often the
case for satellite tracking problems, where ground-based sensors have limited fields of view and
where the Earth ‘s rotation and object dynamics can yield long periods before an observable pass
will occur between an object and a particular sensor. These gaps in observations, mis-modeling
of the orbital dynamics, sensor noise, and numerical errors may lead to potential divergence in
the position estimation and uncertainty associated with that object. This could pose several
tracking issues, including poor predictive capability, inability to associate measurement data with
appropriate estimates (poor data association), and unrealistic or physically impossible estimate
behavior.

In this situation, the need arises to make an intelligent decision of which object to observe
and which to ignore, a process henceforth referred to as sensor tasking, or sensor network
management. This decision making process could have significant consequences, particularly if
it results in not observing objects which are infrequently available to the sensors. Therefore,
methods must be introduced which allow for sensors to make these difficult tasking decisions.
These methods will generally revolve around calculating a utility metric which prioritizes objects
for observation, and allocates sensor resources to best observe those priorities. In many cases,
this priority will revolve around observing objects to maintain the most accurate state and
uncertainty estimates for all objects being tracked, and typically rely on object state/uncertainty
estimates, or other properties (object dynamics models, sensor models, etc.) in their calculation.
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This implies that the methods of state/uncertainty estimation can play a vital role in the
formation of such a utility metric. For the nonlinear dynamics present in space object state
propagation, and the possible application of nonlinear measurements based on these state values,
a nonlinear filter must be applied in order to obtain the state/uncertainty estimates necessary to
not only monitor these objects, but also calculate potential tasking utility metrics. Nonlinear
filtering and estimation techniques have been thoroughly researched in the field of satellite orbit
determination, with particular applications to tracking resident space objects.

In the tracking process, these filters provide a probability density function (PDF) describing
an object’s state and uncertainty by calculating an estimated mean and covariance. Sensors
(optical telescopes, radar, patched arrays, interferometers, and transponders) can provide
measurements of a particular object’s position at various times, which can be used within a
nonlinear filter to update these estimates to more accurately reflect its location and uncertainty.
However, different methodologies exist concerning both the updating of state and uncertainty
estimates, as well as propagating them forward in the time span between updates. Previous work
has shown in general that estimators which can better handle system nonlinearities result in
better estimates than filters that rely on approximations or poor models of system nonlinearities.

Therefore, success in monitoring these objects relies not only on selecting an appropriate
tasking method, but also on selecting the best possible nonlinear estimator. Furthermore, since
tasking decisions will depend on metrics calculated from the state and covariance estimates
provided by the particular estimator used, a coupling effect between tasking and estimation is
produced. That is, a filter which provides superior estimates may in fact make better tasking
decisions, resulting in fitter data which further improves its estimates over an inferior method.
The purpose of this dissertation is to examine how this coupling can amplify performance
differences between estimator types beyond those that are seen if the estimators are given
identical data sets.

To study this coupling, various methods of estimation and sensor tasking are applied to a
simplified simulation of the estimation and tasking components of the SSA tracking problem. In
general terms, SSA encompasses a broad range of topics from detecting new space objects,
characterizing and identifying existing objects, and understanding of the space environment,
while incorporating methods in optical-based satellite detection, nonlinear estimation, sensor
tasking, and data association. While this problem includes a broad and interconnected array of
engineering topics, the scale of the problem is reduced by investigating the specific components
of estimation and tasking, and assuming the data association, noise estimation, and additional
components to be modeled as given quantities instead of deterministically.

2.2 Review of Previous Literature

The process of monitoring resident space objects has been thoroughly researched, mainly
concerning methods of orbit determination (estimation) and sensor resource allocation (sensor
tasking). Details of current tasking methods for the SSA problem using the SSN are given in the
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work of Miller [3], while specific characteristics of the primary optical and Ground Based Radar
(GBR) sensors comprising the SSN can be found in the work of Vallado and Griesbach. [4].

2.2.1 Sensor Tasking and SSA

Current tasking methods of this problem revolve around observation based on priority (such
as atmospheric reentry, elapsed time since last observation, military interest, etc.) and do not
incorporate motivations such as uncertainty/chaos reduction presented in these studies. These
tasking methods separate the near-Earth orbit regimes of space objects into energy dissipation
bins, and provide a suggested amount of observations (or tracks) per day. The motivation for this
form of tasking came from a previous method of binning objects into Gabbard classes based on
perigee and apogee height of the object’s respective orbits [3]. This simple form of sensor
allocation was later replaced by the current method based on a study conducted by Lockheed
Martin [5] which found a more effective binning method than the previously used Gabbard
classes. This new method divided objects in the satellite catalog into 11 energy dissipation rate
bins (each with their own suggested tracks per day) based on the amount of atmospheric drag a
particular satellite experiences.

While this current method of tasking has shown to work, recent publications have suggested
using more advanced methods in sensor tasking in order to create more optimal tasking solutions
to the SSA problem. Some of these methods include tasking sensors to observe the most possible
objects in some frame of time [6], or incorporating game theoretic approaches involving
intelligent tracking responses based on the characteristics of objects being detected/tracked [7]
and sensors tracking them [8]. These methods require some key assumptions about the types of
objects being tracked (such as assuming they are all in low-Earth orbit [6]), and generally
revolve around the awareness concept of the SSA problem, in which determining what specific
objects are doing is more important than tracking as many objects as possible. For this reason,
these studies will look to other methods of sensor tasking that are based more on overcoming the
difficulties in observing many objects using few sensor resources. Due to this, the tasking
methods selected for these studies should be driven by the motivation to maintain the lowest
uncertainty (or highest information) among all objects tracked.

Fortunately, this type of approach has been thoroughly studied for general applications to
sensor network management problems, which could be easily applied to the SSA problem. These
tasking strategies gained tremendous popularity in the 1990’s, especially with the work of
Schmaedeke [9], which proposed a method of sensor tasking that would maximize information
gained by each sensor. This measure of information was referred to as the relative information
gain, which measured the difference in information of a Gaussian posterior about a Gaussian
prior distribution utilizing covariance matrices. This relative information gain was in fact the
same as the Shannon information, which reflects information gained about the state (in this case,
the prior covariance) [10]. This form of information can be easily computed in conjunction with
a Kalman filter algorithm (to gain the necessary Gaussian covariance estimates), whose
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application to sensor tasking problems has been illustrated in several recent works [11, 12, 13].

Additionally, others such as Tian et al. [14] have suggested using similar information-
theoretic approaches utilizing Fisher information. Unlike the relative measure of Shannon
information, Fisher information, which represents the upper bound on information present in an
unbiased estimator [15], is an absolute measure of information. Like Shannon information, this
metric can be easily calculated given a prior and posterior covariance estimate provided by a
sequential Kalman filter algorithm [16, 17]. In both the cased of using Shannon information or
Fisher information, the information-theoretic metric is calculated for each possible object-sensor
pair, to which methods of linear programming are used to allocate which sensors will observe
which objects [9, 14]. This application makes these methods myopic, or greedy in nature, due to
the fact that they only account for information gained over one particular instance in time, and do
not predict for consequences such as limited object access, or the tendency of uncertainty to
diverge should observations occur infrequently.

However, should tasking decisions be based upon projecting the possible information gained
over some finite look ahead time, a problem arises in computational costs associated with
solving a potentially large scale dynamic programming problem. In fact, Hero et al. [18] wrote
an entire book focusing on these types of sensor network management problems, suggesting
information metrics (such as Fisher information) as cost functions to drive dynamic
programming solutions to the Markov Decision Process of sensor resource allocation. Methods
such as receding horizon control [19] attempt to reduce the complexity of solving these problems
by taking the fact that covariance estimates can be generated without the use of measurement
data to create a partially observable Markov decision process that is less complicated to solve.
Additionally, others have suggested using genetic algorithms to solve the large-scale
optimization problems present in multi-object, multi-sensor allocation problems [20]. However,
these studies have focused on problems that do not contain the computational complexity of the
SSA problem, or require computational costs that would not be appropriate for the purposes of
these studies.

Recently, Erwin et al. [21] applied the use of Fisher information as a utility metric
specifically to the SSA problem. In this approach, a myopic form of sensor tasking was
implemented, which enabled tasking and allocation algorithms inside a small-scale SSA
simulation at relatively low computational costs. This study showed the benefits of an
application of Fisher information directly to the SSA problem, and how the sensor allocation
process could be easily achieved with the conjunction of an extended Kalman filter to provide
state and covariance estimates.

However, these studies (nor the ones previously mentioned) do not address how the quality
of the estimates generated using the Kalman filter algorithm could affect the sensor tasking
decisions, and furthermore overall performance of the sensor networks ability to effectively track
all of the objects. Therefore, to better study solutions to the SSA problem, the method of
estimation, and not only the tasking strategy must be investigated.
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2.2.2 Estimation and Orbit Determination

Since the 1960’s, many estimation methods have been created based on a recursive algorithm
providing estimates of state and covariance in the presence of noise in both state dynamics and
measurement data, known as the Kalman filter. Originating with a preliminary paper by Kalman
[22], this algorithm used a multi-step method of filtering in which estimates were linearly
propagated forward in time in a forecast step, and then refined within an update step upon
receiving measurement data. These steps can be repeated an in finite number of times, allowing
for state and uncertainty estimation to occur in real-time so long as measurement data continues
to be collected.

Adaptations and advancements were eventually made to this preliminary sequential Kalman
filter algorithm, including the ability to filter in the presence of nonlinear dynamics and
measurement models known as the extended Kalman filter (EKF). This method proved
beneficial for purposes of orbit determination (given the nonlinear dynamics of satellite motion)
and was first implemented in the Apollo Moon landings [23]. Eventually, the EKF would be
widely used within other non-linear filtering problems, including modern aerospace applications
in robotics and navigation, such as autonomous flight [24]. The EKF differed from the original
linear Kalman filter by propagating uncertainty linearly using a state transition matrix,
propagating the state estimate through the full nonlinear dynamics, and approximating nonlinear
predicted measurement uncertainty using a first order Taylor series approximation about the
current state estimate [25]. This approach is effective so long as the propagation time in the
forecast step is short enough so that second order or higher errors from the linearization are
small.

Nearly forty years after the inception of the EKF, a new adaptation of the Kalman filter
algorithm known as the unscented Kalman filter (UKF) claimed to better approximate system
nonlinearities, and therefore yield better estimates than the EKF for nonlinear systems [26]. The
UKF does this by using a small distribution of sigma points that are propagated directly through
the nonlinear equations of motion, which provide state and uncertainty estimates in the forecast
step, and measurement approximations in the update step using statistical analysis. The result is
that the state and uncertainty estimates calculated using these methods do not necessitate linear
approximations of system nonlinearities, and could therefore achieve second order or higher
accuracy [27].

Typically, when presented with a consistent time interval of measurements, the UKF has
produced better estimates than the EKF for nonlinear systems ranging from simple pendulums
[28] to more complex problems in orbit determination [28, 29] and autonomous flight [30].
Depending on the extent of the nonlinearity in the system dynamics or measurement models,
linearization errors resulting from the EKF could be amplified, leading in to a quicker divergence
in state estimate error when using an EKF opposed to a UKF. These errors may play an essential
role in the performance discrepancies seen when comparing the two filters [30]. Moreover, it has

also been shown that, for the case of orbit determination, the EKF has trouble producing accurate
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estimates as time between measurements increases [28], reinforcing the conjecture that as
propagation time in the forecast step increases, linearization errors grow and result in poor
estimation for the EKF.

In an attempt to try to better propagate and model uncertainty in nonlinear filtering problems,
an additional class of nonlinear filters were derived which utilized a Gaussian mixture model
(GMM) approach to the Bayesian estimation problem [31]. In this approach, an initial Gaussian
probability density function (PDF) described by a mean and covariance can be split into multiple
Gaussian PDFs to be propagated and updated in parallel. The goal of the GMM is to better
describe the actual non-Gaussian PDF resulting from propagation of the initial PDF through a
nonlinear transformation than could be possible using a single Gaussian PDF (such as the case
using an EKF, and possibly a UKF). The GMM filter was eventually adapted to be applied
within an EKF [32] and later a UKF, and has been tested within orbit determination problems to
show better results of uncertainty estimates when compared to a standard UKF [33]. The GMM
approach to filtering has also been advanced further by Terejanu et al. [34] who presented a
method of updating weights to GMM components, further improving the non-Gaussian PDF
modeling made possible using a GMM.

One of the most recent additions to the GMM approach has come in the application of an
adaptive entropy-based Gaussian-mixture information synthesis (AEGIS) filter, which has been
shown to outperform the UKF in the propagation of uncertainty in orbit determination problems
[35, 36]. The AEGIS filter adapts the GMM to incorporate a splitting algorithm within the UKF
propagation of uncertainty, so that when a degree of nonlinearity is detected a single Gaussian
PDF can be split into a GMM of several Gaussian PDFs. This GMM more accurately reflects the
actual PDF in the presence of these nonlinearities, implying state and uncertainty estimates are
more accurate as well.

The central hypothesis of the work presented here is that the improved estimates provided by
a UKF over an EKF, and furthermore an AEGIS filter over a UKF will not only help the orbit
determination component of a satellite tracking problem, but also provide better tasking
decisions and sensor schedules given these improvements.

2.3 Research Contributions

The focus of this work is to examine the effect that nonlinear estimation has on sensor
tasking, tested specifically within the estimation and tasking components of a satellite tracking
problem. This research models the estimation and tasking components of SSA, reflecting general
tasking/estimation coupling trends observable in a wide variety of nonlinear tracking problems.
In general terms, SSA encompasses a broad range of topics from detecting new space objects,
characterizing and identifying existing objects, and understanding of the space environment,
while also incorporating methods in optical-based satellite detection, nonlinear estimation, sensor
tasking, and data association. While this problem includes a broad and interconnected array of
engineering topics, the scale of the problem can be reduced by investigating the specific
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relationship between estimation and tasking, and assuming the data association (i.e.
understanding which object is being observed), noise estimation, and additional components are
known a priori.

While many publications have compared methods of nonlinear estimation for orbit
determination problems, and others have suggested methods for sensor network management,
none have studied the coupling of the two. That is, a filter which provides superior estimates may
in fact make better tasking decisions, resulting in superior data which further improves its
estimates over an inferior method. Therefore, the primary purpose (and largest contribution of
original thought) of this dissertation is to examine how this coupling can amplify performance
differences between estimator types beyond those that are seen if the estimators are given
identical data sets.

In order to accomplish this, this work also makes several additional contributions to methods
of dynamic sensor tasking as well as nonlinear estimation. For nonlinear estimation, while much
previous research has compared performance of the EKF and UKF applied to nonlinear tracking
problems, very little exists in examining the AEGIS filter. Recent work has shown that the
AEGIS filter outperforms a UKF (and is therefore assumed it would outperform an EKF) [35,
36], but no work has been done that integrated the AEGIS filter into a sensor allocation
algorithm and compares its performance to an EKF and UKF under those conditions. Since the
satellite tracking simulation in this work will include large time spans of propagating estimates in
the absence of measurement data, it will further investigate the improvement in uncertainty
propagation and updating gained using the AEGIS filter as opposed to an EKF or UKF.

In regards to sensor tasking, two myopic information-based metrics utilizing Fisher
information gain (FIG) [14] and Shannon information gain (SIG) [11] will be investigated. These
particular information measures were chosen due the legacy of their applications in sensor
network management strategies and ease of extraction given state/uncertainty estimates provided
by nonlinear filters [12, 21]. Additionally, they represent both an absolute and relative measure
of information gain. While the application and effectiveness of these two methods have been
studied individually, no current work investigates how these two information-based sensor
tasking strategies compare to each other. This work will determine whether there are advantages
to using absolute or relative measures of information, as well as illustrates how they may be
extracted from a UKF or AEGIS filter, and not just the EKF as previous research showed.

To accompany the two information-theoretic tasking approaches, a third new type of tasking
method is studied. This metric is based on maintaining stability of the error dynamics from the
propagating and updating of estimates conducted within the application of the nonlinear filters.
The metric in question will be calculated using elements of largest Lyapunov exponent (LLE)
estimation [37], a tool commonly used to assess state-space stability of dynamic systems and/or
experimental data, and has not been previously suggested as a possible utility metric for sensor
tasking problems. The motivation to consider this metric is based on work conducted by Rauf et
al. [38] which describes how to calculate these stability measures for the error dynamics in filters

using the root mean square error (which can be extracted from a covariance estimate provided by
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a filter). It is hypothesized that this metric would create tasking decisions prioritizing objects
which showed the greatest trends of divergence in their estimated uncertainty. This dissertation
will therefore be the first work which shows how to extract this stability-based metric within an
EKF, UKF, or AEGIS filter algorithm, as well as how to use it as a tasking utility metric.
Furthermore, this will be the first work to compare this new method to the previously studied
tasking strategies utilizing FIG and SIG.

2.4 Report Outline

The research presented here is organized in the following manner. In Section 3.1, the two-
body satellite dynamics and nonlinear range-angle measurement data used to create a space
object tracking model are detailed. This section serves to illustrate how space objects and sensors
will be populated and propagated within a simplified planar two-body acceleration force model
(for orbiting objects) using a rotating Earth model (for ground-based sensors). Additionally, it
describes how a sensor’s field of regard is defined, and how it is used to determine sets of objects
available for observation and sensors available to observe them at each simulation time step.

Section 3.2 begins by providing a brief background on probability theory (concentrating on
Gaussian distributions) and signal filtering, before detailing the linear Kalman filter. Two
nonlinear extensions of the linear Kalman filter are then detailed (the EKF and UKF),
highlighting the application of these filters to a multi-object, multi-sensor filtering problem, as
well as how they differ in methods of approximating nonlinear covariance propagation and
measurement functions. This is followed by the introduction to GMMs, and how they are applied
to non-linear filtering by introducing the AEGIS filter. In this section, general GMM properties,
methods of splitting GMM components, detection of system nonlinearity, merging GMM
components, and their application within a UKF bases filtering scheme will be discussed.
Finally, the section ends with detailed recursive algorithms for the EKF, UKF, and AEGIS filters
with respect to their applications within a nonlinear multi-object tracking problem.

In Section 3.3, the concept of sensor tasking is illustrated, including times when tasking
decisions are made, as well as constraints imposed on the tasking process. Three covariance-
based tasking methods will then be discussed, starting with two information-theoretic approaches
and concluding with a new stability-based approach. Fisher information gain is first discussed,
which reflects an absolute gain in information, followed by Shannon information, a relative
measure of information gained about the state of a system. A new method is then illustrated that
determines the error-stability for a particular object in the form of estimating a largest Lyapunov
exponent. In each case, details for calculating these metrics within an EKF, UKF, and AEGIS
filter are presented.

Section 4.1 discusses how performance of the estimation/tasking combinations is evaluated
after completion of a simulation, with simulation set-up, results and analysis presented in Section
4.2. Results are based on identical simulations for two test cases. The simulations incorporate
each of the three tasking methods applied to each of the three nonlinear filters, with an additional
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ideal simulation conducted for each of the three filters using no tasking (i.e. all sensors collect
data for all objects within their field of regard at all simulation time steps). These simulations are
conducted for two test cases of low initial error (ideal for most practical satellite tracking
applications) and a high initial error case (highlighting performance in non-ideal conditions).

Finally, in Section 5 conclusions are drawn as to the coupling effects of the particular
methods of tasking and estimation, in which the average estimation error over all satellites will
be held as the paramount indication of which combination of methods was the most ideally
suited towards this particular facet of the satellite tracking problem. In addition, performance
results with respect to each method of tasking and estimation will be discussed, highlighting
which of these methods would be most ideal to a real-world satellite tracking problem. This
section concludes with recommendations for future work that can be derived from these studies,
with applications both to the problem of satellite tracking and general nonlinear tracking
problems.
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3.0 METHODS, ASSUMPTIONS AND PROCEDURES

3.1 Dynamics and Measurement Models

To construct a simulation of the estimation and tasking components of the SSA problem, the
equations of motion of both space objects tracked and sensors used to track them, as well as
models of sensors measurement data are defined. These models reflect realistic (though
simplified) trajectories of orbiting space objects as well as ground and space based sensor
positions and fields of view throughout the duration of the simulation. All states of objects and
sensors will be based on an inertial x y coordinate system with the Earth’s center at its origin (i.e.
the coordinate frame it will stay fixed with respect to a constant rotating Earth model). This
system was chosen over a more realistic three dimensional system for computational simplicity.
Since the motivation for these studies is to determine the coupling between estimation and sensor
tasking within the nonlinear framework of orbital mechanics, the use of a third dimension only
adds increased computational complexity, and is therefore not necessary to complete the
objectives of this research. The two-dimensional Earth is also assumed to be described by a
circle, containing no oblateness such that the force of gravity is considered constant at a certain
displacement from the origin. A generic illustration of this system populated with space objects
and various sensors which would be tasked to track them (both space and ground-based) similar
to this SSA simulation can be seen in Figure 1.

3.1.1 Object Dynamics

To model object motion and sensor locations, a series of Ng 2-D objects in the set

0= {ol,...,oNs} are modeled, such that their distribution is bimodal with the majority of orbits

being within proximity of a low-Earth orbit (LEO) or a geostationary Earth orbit (GEO).
Additionally, object eccentricity is determined from a one degree of freedom chi-square
distribution which places most of the objects in near circular orbits. For these studies, the
primary assumption in the dynamics of each object tracked is that measurements of their
location, as well as state/uncertainty updates (resulting from sensor tasking) are only possible at
discrete time intervals. Therefore, for a particular object, it is assumed that measurements are
only possible at times t, =kAt,k =1,2,... where At is a constant time step. At these discrete

times, the motion of an object is also described in state-variable form, to which the n element'
state vector for the given object i at time k is defined as

! In this case, the size of the state is n = 4
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X =~ (1

Figure 1. Illustration of a Simple SSA System Necessitating Sensor Tasking for 6 Orbiting

Objects O; (1= 1,...,6) to be Tracked, and Sensors S; (j = 1,...,4) to Track Them (3 Ground, 1
Orbiting)

Assuming that each space object (and orbiting sensor) meets the criteria for a two-body force
model [39]

e The mass of the space object is negligible compared to that of the Earth The
coordinate system for the simulation is inertial
e The bodies of the satellite and attracting body are spherical, with uniform density
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e No additional external forces act on the system except gravity, which acts along the line
joining the centers of the space object and the Earth
Their corresponding equations of motion are described by

Xk Xik

- Yix - - Vik -

X = :f(xik)+wik: LW, (2)
Xl k Xl,k
Y1 k Y1 k

where r,, =,/ xik + yik ,Ug 1s the constant gravitational parameter of Earth, the subscript i refers
to an index in the set of N; objects being tracked, and w,, is the object’s process noise vector

with covariance Q,, = w, W/, . For these studies, process noise is taken to be any unmodeled

disturbance to an object’s known equations of motion, which can take the form of unmodeled
perturbations or errors which exist in numerical propagations (such as applications of a linear
state transition matrix, or numerical integration).

Equation 2 can be propagated forward from time step k to k + 1 using one of two methods.
First, it can be propagated by direct numerical integration of Equation 2, a transformation

represented by the function F(X) = J.:k“ f (X, t)dt

X1 =F (ii,k) 3)
or it can be propagated as a deterministic system using a state transition matrix, @, .,
ii,k+l = q)i,k\k+l)_{i,k 4)

where @, .., is calculated from numerical integration of the equation

. of
O =|—| D 5
it (8§ ji,[ Lt ( )

from time-step k k — k+1. In this propagation, @, ., represents the final value of ®@;, from

it t

the propagation of Equation (5), with the initial condition, ® =1 __ . Additionally, the

ity ty
propagation time t is sometime within the time steps k and k+1. For this particular n = 4 state
problem, the n xn matrix of partials in Equation 5 is defined as

0 0 1 0
0 0 01
2
of 3Xi t 1 3:uEXi Yit
LCL R 7 i S e 2 A5 I 6
(8)? jit E( rii ri?tj rii ©)
3u.X. Y. 3y?
ILlE)(Sl,tYI,t ﬂE( };l,t _LSJ 0 0
Ly Lo Ly i
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3.1.2 Sensor Dynamics

A series of M; sensors given by the set S = {sl,...,sMs} are modeled, such that they may

either represent a ground sensor, or an orbiting sensor. The location of the sensors in the
simulation is assumed to be known with no uncertainty, and can be described by
S
Xk
S
~ Yik
Sik T ¢ (7)
Xy
° S
Yix
with equations of motion
- S
Xk
* S
Yix
S
HeXi
3
S
()
S
_ HeYix

3
S
(ﬁx) ]

if the index | corresponds to an orbiting satellite, where the sensor position

S ACE ®

I, = \/ (xik)z + (yik )2 Furthermore, should the index j correspond to a ground the equations of

motion are given by
X
Vi
_a)éxﬁ,k

2_s
WYk

S =, (534) = ©)

where g is the constant rotational rate of the Earth. To propagate these sensor equations of

motion forward in time, the same techniques can be applied as with the case of object equations
of motion. In this case, should the index j reflect an orbiting sensor, this would yield propagation
using

Sixn = Gj (gj,k) (10)
where G = Lk g,(8,t)dt, or
gj,k+1 = (Dj,k\kJrlij,k (11)
where
15
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- of
P = (gj P (12)
3t

and
0 0 1 O]
0 0 0
3x2, 1 3uX. Y-
%) - ﬂ’{ Sj’t_TJ s 00 (13)
aS it rj,t rj,t rj,t
2
3ﬂEX5j,th,t ﬂE 3}2j,t _L?’ 0 0
I I T, |

However, if the index j represents a ground-based sensor, there exists a closed form solution
to propagating Equation 9 since it is a linear differential equation with solution [40]

R, cos(a)E {t, +At}+ Hj’o) |

R sin(a) {t +At}+l9" )
ikl ' o : (14)

—R, o, sin (@, {t, +At}+06,,)

R, ®; cos (a)E {t, +At}+ 491.’0)

where Rg is the constant radius of the Earth, and ijo is the sensors initial angle relative to the

x3
positive x-axis such that ,, = cos™ #OJ with quadrant checks applied if x3, <0.
E

3.1.3 Sensor Model

Observations will be made by a total of M, sensors, containing ground based and orbiting
space based sensors. A simple illustration of this system can be seen in Figure 1, while the
sensors field of regard I'; (bounded by a maximum range A; and half-angle with respect to the

local vertical?, I';) can be seen in Figure 2. The sensors field of regard reflects an area in the
Earth-centered inertial Cartesian X - y coordinate system in which a sensor can gather position
data on an object. This position will be reflected as one range measurement (in kilometers), and
one elevation measurement (in radians).

Measurements §1( ) of a satellite 1 by sensor j are deemed as available measurements if the

i,j).k

object 1 is positioned within the field of regard, I'j.x of sensor j at time k, as illustrated in Figure 2.

?In the case of space-based sensors, the local vertical is assumed to be parallel to the orbiting
sensors position vector measured from the center of the Earth inertial x - y coordinate system to
the sensor.
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The measurement taken by a sensor on an object at a given time is represented by a nonlinear
measurement function

2 2
S S
h (X'kag'k) \/(Xi,k_xj,k) +(Yi,k_y]-,k)
p Bk ®j,

_ - VP
y(i,'),k = _ - +V',k = S s +|: - :| (15)
J h, (Xi,k’ Sj,k) J tan™' [y‘k—yikj —tan™' [Qj Vi

Xik Xk ik

where h (Xi’k, sjjk) = Pi.jx»> and h, (Xijk, sjjk) =V ) - Additionally, v, is a particular sensors
measurement noise vector with the measurement noise covariance
» \2
(V Tk ) 0
R. = (16)

sk

.

local vertical

=V

Figure 2. Illustration of SSA System Sensor Measurements From Sensor S; of Object O; With
Field of Regard I'; Spanning a Range of A; and Half-angle '¥; (Represented by Shaded Region).
In This Figure, the x - y Axis Reflects an Earth-Centered Inertial System
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Measurement noise, similar to process noise, is viewed as any disturbance related to the
actual measurement of one or more of an object’s characteristics (such as range), which reflects a
source of empirical error in the tracking problem. For these studies both the process and
measurement noise are assumed to be purely additive zero-mean Gaussian noise. Additionally,
quadrant checks will be necessary to solve Equation (15), should a sensor’s maximum half-angle
P, > 90°,

A measurement of space object i by sensor j is possible if the space object is positioned
within the field of regard of the sensor at some time step, as illustrated in Figure 2. At each time
step, a set of indices representing available objects

O] = {i Papx <A and ‘y/(i,j)’k‘ < ‘P,Vj} (17)

and sensors available to observe them
S = {j Pk < A;and ‘1,//“’”,1(‘ < ‘Pj} (18)
detailing which sensors have the possibility to observe each object at a given measurement time.

The tasking algorithms used will select the best combination of instantaneously allowed
observations given by these sets, as described in Section 3.3. This implies that even though an

object is in the set O, , it does not guarantee that it will be tasked for observation.

It is important to note that when determining these available object-sensor pairs, knowledge
of which object is being observed is assumed to be known at all times. This is done to maintain
the focus of these works strictly on the relationship between nonlinear estimation and sensor
tasking, while excluding all other variables that could alter performance due to the selection of a
filter/tasking method. This implies that for these particular studies, data association techniques
would introduce an additional variable affecting the performance of the estimation-tasking pairs
(should they be filter-driven, such as the methods suggested in the work of Kalandros et al. [11]),
and therefore are not included in the closed loop estimation and tasking algorithm. However, it
should be noted that the concept of data association is critical in real-world applications of
satellite tracking, such as SSA.

3.2 Nonlinear Estimation

3.2.1 The Gaussian Distribution

Three candidate nonlinear estimators, an EKF, UKF, and AEGIS filter are implemented in
these studies. The three estimators use similar Kalman filter-based algorithms, but contain many
differences in the methods of propagating and updating their estimates. In each estimator, from

time step iterations k to k + 1, initial optimal state(f(ik), and covariance (f’l*k) estimates will be

* This quadrant check can be achieved using an atan2 calculation method.

18
Approved for public release; distribution is unlimited.



. . . o f . pDf :
propagated forward in time to yield forecast state (Xi’kﬂ) and covariance (Pi’kﬂ) estimates.

Should measurement data be available for a particular object, it will then be subject to an update

of these forecast estimates to yield a new optimal state, ()A(ikﬂ) and covariance (IA’:M) estimate.

In each of these steps in the three filters implementation, the state (also referred to as the
mean) and covariance estimates are used to describe a Gaussian PDF of object 1 at time k in the
form

p ( 1k’X1k’P1k ‘2”13;

_1/2 1 — O % T/ A * -1 — O *
eXp{_E(Xi,k _Xi,k) (Pi,k) (Xi,k _Xi,k)} (19)
where the covariance 15:1( is symmetric, positive definite, with diagonal elements representing

AN 2 . . .
the variance ({Gi,k} ) of the n" state variable. In general the covariance matrix can also be

described by the standard deviations (&i‘jk) with respect to each state variable in the form

(specifically for the state variable described by Equation 1)

2

2 . . N
A X Ay AX AX AX oYy AX
(O-i,k) OixOix  OixOix OixTik
5360 (62) 646% 6.6
ny ikOik ik ikCik
P, = ‘ ‘ o (20)
AX AX Ay AX AV AX
ixOix  OixOix ( ) OixOix
365 56 6460 (6
L i,k ik i,k ik i,k ik ik N
Using this, the Gaussian uncertainty distribution of each variable is defined by
2
p 1 k X k? { 1 k }
2
g y
p (Y1 k ’ ik? { 1 k} )
21
2 1)
p 1 k X k? { 1 k }

p (Y1k’ylk’ lyk

The Gaussian PDF, while meeting the general requirements of all PDFs* has many unique
properties which can make it an advantage or a hindrance to describe a PDF of a randomly
distributed variable. First, a Gaussian distribution (also called a normal distribution) follows very
closely to many naturally occurring distributions, mainly due to the fact that an overall collection
of small independent stochastic variables of equal magnitude approaches a Gaussian distribution
as the number of variables increases [42]. Second, Gaussian distributions are mathematically

* The PDF is always positive and has a value of one when integrated over its support set [41].
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convenient due to the fact that when a linear transformation is applied to a Gaussian distribution,
the resulting distribution remains Gaussian [43]. This convenience is exploited in the
implementation of the linear Kalman filter algorithm (described in Section 3.2.2) due to the
necessity for means and covariances estimated in the Kalman filter to remain Gaussian.
However, this may pose problems when filtering must be achieved within nonlinear systems,
since an initially Gaussian distribution propagated through a nonlinear transformation will not
remain Gaussian. In this scenario, a Gaussian mean and covariance may provide a poor fit to
describe the new non-Gaussian PDF.

To illustrate the effects nonlinear transformations have on Gaussian PDFs, the specific
transformation represented by the integration of an initially Gaussian PDF through satellite orbit
dynamics (described in Equation 2) is investigated. In this example, a normal distribution of
particles representing an uncertainty distribution of a space object is created, such that the space
object is located at the periapsis of the orbit, also functioning as the mean of the distribution
given by

[Xm’Ym’Xm’Ym]:[rp’O’O’Vp] (22)

where r, is the orbit periapsis radius r, = a(1 - €) = 10,000 km. For this particular example, the
eccentricity of the orbit e = 0.2 and the velocity at periapsis can be calculated from

v, :\/ZyE (1/ L —1/ (Za)) . Additionally, the standard deviations for each state variable are

chosen as
[0",0",0%,6%,]=[10km,10km,0.05km /5,0.05km /5] (23)

Therefore, using Equations 21 - 23, an initial normal distribution of space objects is created,
which is shown in Figure 3. In this figure, the 3o error ellipse about the mean illustrates that
almost all of the particles comprising this Gaussian distribution are located within this error
ellipse. This is to be expected since approximately 99.7% of points within a Gaussian
distribution should lie within its 36 bounds’.

Once this Gaussian distribution of particles is propagated through the nonlinear orbit
dynamics in Equation 2, the resulting distribution is shown in Figure 4. After propagation
through the nonlinear system, a Gaussian PDF no longer provides as good an approximation to
the uncertainty distribution of the particles as it did for the initial distribution’. Additionally,
while the initial distribution was roughly elliptical (characteristic of a two-dimensional Gaussian
PDF), the propagated distribution is now warped to be more banana shaped, a phenomenon
commonly seen in orbit uncertainty propagation [35]).

> In this case, these bounds are the error ellipse created by semi major and semi minor axes G
and c”

® A similar effect could be seen using other orbital coordinate systems (e.g. Keplerian, spherical,
etc.) since each has nonlinear equations of motion.
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Figure 3. Illustration of Initial Gaussian Uncertainty Distribution of Space Object and Contour
Overlay of PDF Evaluation Using Equation 19
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Figure 4. [Illustration of Initial Gaussian Uncertainty Distribution Propagated Through
Nonlinear Orbit Dynamics

In this case, a Gaussian PDF would not accurately model the actual PDF of the distribution, as
can be seen in Figures 5 and 6. In these figures, the actual location of the data points (placed in
25 equally spaced bins spanning the total dispersion in x and y locations of the data points)
differs from the prediction of a Gaussian distribution with the same x and y mean and standard
deviation. This observation is important due to the fact that all nonlinear filters used in these
studies require Gaussian distributions to describe space object uncertainty models which will
obviously not be Gaussian. However, the way in which they propagate and define these Gaussian
distributions differs, leading some estimators to provide approximate Gaussian uncertainty
models which better suit the actual non-Gaussian uncertainty of the objects as opposed to others.
This concept will be revisited at later sections when discussing the UKF and AEGIS filter, and
how they account for these issues.
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Figure 5. x-variable PDF of propagated distribution of space objects (binned into 25 equally
spaced x-position locations) with corresponding Gaussian PDF overlay.
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Figure 6. y-variable PDF of propagated distribution of space objects (binned into 25 equally
spaced y-position locations) with corresponding Gaussian PDF overlay.

3.2.2 Wiener Filtering and the Linear Kalman Filter

Originating from statistical problems concerning communications and control, the process of
“filtering” data, in which a random signal is separated into relevant data and disturbances (i.e.
noise), made great advancements in the 1960s, mainly with the introduction of the Linear
Kalman Filter [22]. The Kalman Filter, unlike its predecessors, was able to create an easily
applicable and robust algorithm for filtering noisy signals out of linear systems.

3.2.2.1 The Wiener Filter

The roots and motivation for the Kalman Filter stem from previous work done by Wiener
[44] on the subject of random signal prediction (for these studies, the signal represents a tracked
objects state vector). For the special case of stationary statistics (a stochastic process whose joint
probability distribution does not change when passing through time or space), Weiner showed
how to predict random variables and separate random signals from random noise through the
Weiner-Hopf integral equation. This equation is based on the concept that a random observed
signal F(t) is bisected into two distinct parts, the actual signal G(t), and some random noise

[F(t) - G(t)] , which along with the application of an impulse filter response, is used to obtain an
estimate for the actual signal. This governing equation, as well as the Weiner-Hopf convolution
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integral used to solve this equation can be seen in Equations 24 and 25 respectively.
F(t) = G(t) +[F(t) - G(1)] (24)

2(t+h)=["4(t-7)K(r)dz =0 (25)
where the auto correlation of F(t), and the cross correlation of F(t) and G(t) are given by and

respectively. Equation 25 is used to solve for an operator K( ) which can be used to solve the
minimum error prediction estimate for G(t+h)(h > 0) when applied to the equation

G(t+h)=["F(t+7)K(r)dz (26)

Therefore, the actual signal G(t) can be solved for based simply on statistical properties
(those being auto and cross correlations) of the corrupted signal, and not on knowing the actual
signal itself. This framework provides the basis for applying a “filter” to a signal, which can be
viewed generally in graphical format in Figure 7.

Graphical llustration of Data Filtering
5 T T T T T T T T T
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time (t)
Figure 7. Illustration of a signal (blue), that same signal corrupted by noise (red dashed), and the

signal estimate which can be gained through signal observations and filtering (green)

However, the solution to the integral in Equation 25 is not trivial, and has some associated
problems. Two of the issues that make this solution difficult are:
1) Numerical determination and statistics required to obtain the impulse response is quite
involved and difficult for computers to handle (at the time Weiner’s paper was published)
2) Various generalizations to the filtering problem, such as growing-memory filters and non-
stationary prediction can require difficult derivations for each particular case
3) Mathematics in the derivations of the Wiener-Hopf equation tends to have obscurities in

the fundamental assumptions of the problem and how they affect the final solution.
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Due to these shortcomings, Kalman decided to invent his own process for simplifying the
mathematics in the Wiener-Hopf equation, which would eventually become the Kalman Filter.
First, Kalman noticed that the Wiener problem requires the use of distributions and expected
values, for which first and second order averages could be used as approximations to these
values, making 2) more clear. Next, Kalman used the work of Bode and Shannon [45] to
represent arbitrary random signals as an output of some linear system which is perturbed by
some uncorrelated random "white noise". In particular, this method of viewing a signal allowed
for a solution to the Wiener problem using a state transition matrix. This approach was
applicable in many generalizations of the filtering problem, solving the complexities of 1).
Eventually, this would lead to a differential equation for the covariance matrix of the optimal
estimation error, in a similar way as the Wiener-Hopf equation (which while not explicitly
presented above, finding a signal error and computing the norm is all that is needed to obtain the
covariance). This covariance matrix can be calculated at an initial time which an observation is
made and at each time of subsequent observations so that the coefficients for an optimal linear
filter can be obtained.

3.2.2.2 The Linear Kalman Filter

The general framework for the formulation of the linear Kalman filter is that of a stochastic
system based upon a given signal x; x and noise x,x at a given time t = kAt. These two quantities
can be combined to create an observation yy at this time, such that

Y =Xk T X0k (27)

Given an observation, it is necessary to filter out the noise from the actual signal, allowing
for an estimation of the signal at a given time (the same goal as Equation 26, but accomplished
now by different means). Once the filtering process is complete, the estimate can be used to aid
in various real-time performance/information metrics while observations are taking place, as well
as the creation of a predictive model of the system. It should be noted that in this case Xk, X2k
and yy are considered to be random processes.

Additionally, the random variable x;x can be estimated statistically to obtain the signal

estimate at a given time )A(l,k , which will differ from the actual signal value by an estimation

eIror £ =X, — )A(Lk . This estimation error can then be implemented in a loss function L(¢) which

as long as it is always a positive and a non-decreasing function of the estimation error, can be
used as a cost function in a minimization problem. Thus, an optimal filter should (but is not

required to) choose an estimation )A(Lk which minimizes the expected value of the loss function
E[L(¢)].

Since the estimation error will be a function of a set of observations y,,...,y, . it follows
that the solution for the optimal estimate will be a function of these observed variables.
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Obtaining a general solution to this problem for all practical purposes is impossible, unless one
of the following is true:
1) The random processes x,, and x,, are Gaussian

i1) The optimal estimate can only be a linear function the random observation variables and
the loss function L(¢) =&’

If one of these two conditions are met, it can be shown that given the random observation

variables y,,....,y,,, @ vector space Y, can be created where each point or vector in Y, can be

defined by a linear combination of y,,...,y, , with real coefficients (for example, each vector
could be defined as such Zio a.y, ). Through some derivation, it can be shown that the optimal

signal estimate at some time k+1, which is expressed as )A(;kﬂ (that 1s, the signal estimate which
minimizes the loss function L(g)) is the orthogonal projection of x,,,, (assumed to be a
random variable) on the vector space Y,,, . Thus, the random variable x,,,, can be broken down

to components orthogonal to the vector space Y,,,, and components within the vector space
Y,.,» the latter representing the orthogonal projection of X s ON Y,,,. This optimal estimate
represents an output for an open loop impulse filtering process, with the input being the set of
random observation variables [46],[47].

Now that a general solution for an impulse filter is established, it is necessary to then apply
this solution to a time-varying signal. This process requires both propagating the system

dynamics through time, and solving for the optimal estimate at each observation. Additionally,

since the random variable x, ., is never known, but its estimate at the previous time step is, X,
must be propagated through time At so that an approximation can be made for x, ., , allowing

one to solve for the orthogonal projection.

As for the governing dynamics of the system, since the signal represents a random process, it
can be broken down into a process governed by known dynamics which is excited by an
independent random process. In this system, it is also assumed that the independent random
process is Gaussian, which allows for not only the previous derivation of the optimal signal
estimate, but also is helpful because this random noise will remain Gaussian when passing
through any linear system. In these studies, this linear system is taken to be the propagation of
the signal (in the wording of dynamic systems, this signal can also be viewed as the state) from
one given initial time to some final desired time, by means of implementing a state transition
matrix, ®@. The state transition matrix represents an nxn matrix (where n is the number of state
variables) in which each element in the matrix can be determined by solving a first order
differential equation. Given a linear dynamic system, and linear observation functions expressed
in the form (with the addition of the subscript object index i as was used previously in Section
3.1)
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dxi’k

dt

= i,kii,k + Di,kﬁi,k (28)

Yix = M X (29)
where X;, is the nx1 state vector of the system, U, is an mx1 (m<n) vector of system
inputs (which for these studies is similar to the process noise found in Equation 2), and y,, is a
px1 vector representing the system outputs. The matrices F,,, D;,, and M;, can be either

time-varying or stationary. This method of describing an objects dynamics is the linear version
of Equations 2 and 15 respectively. The following equation for the propagation of the state can
be rewritten using the nomenclature for the state transition matrix, and assuming that the input

U, is a zero mean Gaussian distribution independent of the state, results in
ii,k+l = q)i,k\k+lii,k + ﬁi,k (30)
A description of solving for the elements of the state transition matrix @, ,,., can be found

earlier in this section. Using the above linear dynamics and taking the loss function to be the
trace of the covariance of the optimal estimate

A w A, AT n
L(g) =g’ = tr(E[ii,k _Xi,k:|[ii,k - Xi,k:| ) = tr(Pi,k) (31)
the goal of the Kalman Filter algorithm then becomes to find the optimal state estimate for the

next time step )A(?,k+1 which will minimize the trace of the covariance matrix of the estimation
error lsskﬂ. Once the closed loop process iterates another time step, the counter k iterates one
unit, and )A(?’kﬂ will become )A(Tk for the current iteration.

The optimal state estimate )A(ikﬂ is solved by applying the orthogonal projection described

previously, in conjunction with propagating the (assumed) linear dynamics through the state
transition matrix, thus creating a closed loop system which will filter noise from the
observations, successfully finding the signal (or state) within the addition of Gaussian noise.

Mathematically, Kalman showed that the optimal state estimate )A(ikﬂ is calculated from the

following formula

O % O % Ak

A -1 A
— T * T * -
Xi,k+l - CI)i,k|k+l)(i,k - CI)i,k\k-%—lPi,kMi,kH I:Mi,k+1Pi,kMi,k+l:| (Mi,k+lXi,k - Yi,k+l) (32)

Additionally, a recursion relation can be formulated to propagate the covariance forward in
time, and is given by

* Ak

A A A -1 A

. % T * T * T

Pi,k-*—l - cDi,k\k-H Pi,k - Pi,k+1Mi,k+l |:Mi,k+lPi,kMi,k+l:| Pi,kMi,k+1}(Di,k|k+1 + Y‘i,k (33)

where Y., is the covariance of the independent random Gaussian noise input, such that
[ . e e . . A% .

Y, =1, 4, . Therefore, given an initial estimate of the covariance P, an estimate of the state
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Ok . . .
X.,» as well as a covariance of the random process noise, a closed loop algorithm can be used to

solve for the optimal state and covariance estimates at discrete time intervals given the

observations Yo Y(ipke thus separating the signal (or state) from the independent random

i,p)
zero mean Gaussian noise. This effectively creates an iterative process for solving the Wiener

equation. In Kalman’s formulation, )A(:’kﬂ is the estimate for the signal (represented by G(t) in

Equations 24 and 25) and the diagonals of the covariance estimate P’

1+ Tepresent variances (i.e.
a characteristic of noise in the form of uncertainty) for each state variable. In addition, the above
formulation for updating state and covariance estimates is based on a batch process, where these
estimates are updated in one calculation step. Further implementations of this Kalman filter
algorithm (such as the extended Kalman filter, and unscented Kalman filter) use a sequential
process, where estimates are updated using multiple calculation steps. Equations 32 and 33 can
be broken into a sequential process where an initial forecast step propagates estimates forward in

time to yield

O %

o
Xi,k+1 = (Di,k|k+1Xi,k (34)
and
Df D* 7T
Pi,k+] = cDi,k\kJrlPi,kq)i,k\kH (35)
If these estimates from Equations 34 and 35, as well as the definition of the cross covariance
(Piﬁfu = PkaMIkH) , innovation covariance (Pﬂf+1 =M i,k+lPifk+lMi1:k+l) , and Kalman gain

-1
(Ki’k+1 =P, [Pﬁ“] ) are substituted into Equations 32 and 33, the result is

%

Xi,k+l = Xif,k+l + Ki,k+l (yi,kﬂ - Mi,k+1Xif,k+l) (36)
and

P =P K. PYK

ikl — Lk kL k1N ke (37)
In further implementations of this basic Kalman filter algorithm, Equations 36 and 37 are

modified to handle nonlinear systems (as well as the inclusion of sensor noise), and are found in

Section 3.2.3 for the extended Kalman filter, and Section 3.2.4 for the unscented Kalman filter.

3.2.3 The Extended Kalman Filter

One important attribute of the linear Kalman filter is that optimal estimates are based on a
linear system, with linear measurements with respect to the state vector. However, for the case of
a nonlinear system (such as the governing equations of satellite motion), the linear Kalman filter
can actually be reformatted using several methods to account for these nonlinearities. One of the
oldest and most popular methods for applying the Kalman filter algorithm to nonlinear systems is
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the extended Kalman filter (EKF), whose inception took place shortly after Kalman’s first paper
[23]. The EKF algorithm differs from that of the original linear Kalman filter primarily in the
way state estimates are propagated forward in time, and how a linear approximation is made to a
nonlinear measurement function. This linear approximation is carried out fairly simply, in which
the linear measurement matrix Mk 1s approximated as the Jacobian of the nonlinear
measurement function evaluated at the current object estimate, such that

oh(x
Mi,kﬂ ~ Hi,k“ = {%} %=Xl (38)

where the superscript f represents the state estimate propagated forward in time from time step k
to time step k +1. It should be noted that H;y.; is a first order approximation of the nonlinear
measurement function, and therefore may be subject to inaccuracies from neglecting higher order
Taylor series terms, an aspect of the EKF which may lead to problems when applied to highly
nonlinear systems [27].

Unlike the linear Kalman filter, which used a batch process to propagate the state estimate
using a state transition matrix simultaneously with calculating the optimal estimate of the current
time step, the EKF established a sequential process in which the state and covariance estimates
are propagated first in a forecast step, and then the optimal state and covariance estimates are
calculated based on observations y, ., in an update step. The primary reason for creating this

sequential process is that unlike the linear Kalman filter, the EKF handles propagates state
estimates by direct integration of an object’s nonlinear equations of motion (for these studies, the
equations of motion are presented in Equation 2). This results in a nonlinear transformation
between time t =k t and t = (k + 1) t, and therefore a batch process like in Equations 32 and 33
cannot be applied. A general algorithm to the EKF has been well established [25, 48], and has
also been applied to tracking problems involving orbit determination, similar to the SSA problem
[23, 29, 28, 21, 49].

3.2.3.1 Forecast Step

Taking object dynamics and measurement to be nonlinear, and therefore described by
Equations 2 and 15, it follows that the forecast step be carried out by propagating both the state
and covariance estimates to achieve the forecast state and covariance estimates given in
Equations 39 and 40 respectively. In this step, the EKF takes an initial estimate the object’s state
Xk and covariance Py and propagates them from t =k t to t = (k + 1) t to obtain the forecast
estimates for each,

)A(if,k-n =F (ka) (39)

A

pro=o. Pl T 40
i,k+l i,kk+1 i,k|: i,k|k+1:| +Qi,k ( )

where F (5( ’k) represents the numerical integration of the nonlinear function f ()A(ik,t) from
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t= [kAt,(k + I)At] . Of particular note is the fact that the covariance is still propagated through

the linear state transition matrix while the state estimate is propagated nonlinearly by means of
numerical integration. This linear propagation of the covariance estimate is one facet of the EKF
which could possibly lead to errors in estimating the covariance should the system be highly
nonlinear.

3.2.3.2 Update Step

In the update step, state and covariance estimates are updated for all objects tasked to be

observed (methods for determining objects tasked for observation in the set Oy,,, as well as the
sets of sensors tasked to observed them S|, are detailed in Section 3.3). Measurement data
from all M’ (M’SM) sensors tasked to observe object 1 at time step k + 1 in the set

. . . ar . o
Siia = {sl seeesSy } , (Where elements in S|, | represent a sensor index j) is given by the vector

Yikea =

= - p
h (X, +
p( 1»k+l’ssf,k+1) Usl’,k+1

3 P
h (XlkH,Ss k+1)+u,

Sy ok+1

(41)

= I 4
h'// (Xi,kﬂ ’ Sslr,kH) + Usf,k+1

= < v
h, (X, +
4 ( ik+1? ssl’vl ,k+1) UsTM k|

Next, optimal state estimates are obtained, first by calculating an estimated measurement
vector

h (lekﬂ’l k+1)

S}i,kﬂ = (42)

©nl

b, (X005, .

f —»
h (Xl k+1 >S Lokl )
along with the innovation covariance as well as the cross covariance, calculated respectively by
f T
Plyl}(,+l H1 k+1P H1 k+1 (43)
X A T
P =Pl [Hip] (44)
29

Approved for public release; distribution is unlimited.



where

(45)

ikl T d

_% hu/ (i’ gsfw,lu—l)

These are used to calculate the Kalman gain matrix, which is defined as an optimal operator

et
X=X

that minimizes the trace of the estimated covariance lsskﬂ [25]. In the linear Kalman filter, the

same minimization is solved for, but Equations 32 and 33 do not include a specific calculation
for the Kalman gain matrix. However, through minimal derivation it can be shown that the
definition of Kj,; in the EKF can also be found in the linear case, but is not defined explicitly in
Kalman’s original formulation. The Kalman gain matrix is calculated from

-1
K =P {Pi,ylfﬂ + Ri,k+1} (46)

in the set S7, | tasked to observe it is calculated

where the measurement noise covariance R; .

i,k+1

for object i based on the sensors by

(US;,M )2 0 0
0 p 2
R: . - (stm,w) (47)
i,k+ 2
(0%,)
0
0 0 (v%,.)

Using these variables, the state and covariance estimates are updated using the equations
. . R .
= X T K [3’1,1(+1 - Yi,k+1]

Xi,k+l
A Ap

_ _ yy T T
Pi,k+1 - Pi,k+] I<i,k+1 [Pi,k+1 + Ri,k+1 ] I<i,k+1

(48)
(49)
It should be noted that if the linear Kalman filter is broken up into a sequential process like the
EKF, Equations 48 and 49 are the same as Equations 32 and 33, except that M,y is replaced by
Hix+1 and the propagation of the state estimate changes from linear (using ®;jyy+1) to nonlinear
(using F).
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An algorithm which describes the step-by-step process of implementing the EKF for an
object i (assuming measurement data exists for all My sensors at each time step) can be found in
Appendix B.

3.2.4 The Unscented Kalman Filter

For highly nonlinear systems, or those in which first order accuracy is not good enough to
properly describe the system, another application of the Kalman filter algorithm exists which
makes no linear approximations to the dynamics or measurement functions. This algorithm,
originally proposed by Julier and Uhlmann in 2004 [27] is known as the Unscented Kalman
Filter (UKF) and can provide a more robust filter than the EKF for certain nonlinear systems.
Unlike the EKF, the UKF creates a distribution of sigma points around the state estimate, and
propagates them through the nonlinear dynamics and measurement functions directly. This
propagation of sigma points is then applied to statistical analysis to directly calculate various
parameters in the Kalman filter algorithm, leading to second order or higher accuracy in the
approximation of the nonlinearities of the system [27]. This nonlinear propagation, followed by
direct calculation of the mean and covariance based on the sigma point distribution encompasses
the essence of the unscented transformation used in the UKF, and can be seen in a general sense
in Figure 8.

I
Xk+l

Propagate through
; : 14
nonlinear dynamics o+l

Figure 8. Illustration of propagation of sigma points through nonlinear object equations of
motion to calculate forecast state and covariance estimates. The ellipses represent a 3¢ Gaussian

. . . . . N * i
error ellipse, which can be obtained from the covariance estimate P, and P,

3.2.4.1 Initialization

The following is a description of applying the UKF, subject to purely additive zero mean
Gaussian process and measurement noise, as presented in [1]. Given an initial object state

estimate, }A(io and covariance estimate f’:o at time t = 0, an initial set of sigma points y, , are
populated
Xio = Xio [l]lx(2n+l) +Vn+A [0 P _f)i%H] (50)

nxl 1,0
where 1350“ represents the Choleski factorization of 13:0 such that
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B =8, (51)
and A is a scaling parameter, defined by A = o’ (n+K)—n [28]. The constant o is generally

small, and is chosen between the range [0,1], while the constant k is used for tuning of higher
order moments of the covariance ( Kk =3—n for Gaussian distributions). Choices for these
constant parameters can vary, whose origins and selection strategies are detailed in [27] and [1].
For these studies, o = 0.001 and k =3 —n are used based on suggestions in various works using
a similar UKF algorithm for orbit determination problems [28, 29].

3.2.4.2 Forecast Step

For some time step k, the sigma points i, are propagated through the nonlinear system
dynamics from t = kAt to t = (k + 1)At
Xf,kﬂ = F(Xi,k) (52)

Once the sigma points are propagated, the forecast step is obtained from taking a weighted
average of sigma points

1k+1 ZWYXI K+l (53)

where the mean weights W correspondlng to each sigma point can be calculated by

A

S — =0
W = (n+4) v (54)
]

———, v=L...,2n

2(n+A)’ =

and y represents a sigma point in the 2n + 1 collection of sigma points for an object, represented

by ... (v stands for a column in the [nx2n+1] sigma point matrix represented by ¥ ,.,).

Given the forecast state estimate in Equation 54, the forecast covariance estimate is calculated
similarly by

1k+1 ZWJ[XIkH 1k+1:||:xlk+l lek+1:| +Q4 (55)

where the covariance weights W, corresponding to each sigma point can be calculated by

A
(n+A)+(1—a2+B), y=0
T 56
W 1 B (56)
2(n+A)’

where the constant 3 is another parameter used to help incorporate higher order effects, and is set
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at the optimal value for a Gaussian distribution, § = 2 [27]. It should also be noted that in cases

where the process noise and measurement noise are not purely additive, separate sigma points
will need to be added in accordance with [27] and [29].

3.2.4.3 Update Step

In the update step, state and covariance estimates are updated for all objects tasked to be
observed (methods for determining objects tasked for observation in the set O, as well as the

sets of sensors tasked to observe them ST

i1 are detailed in Section 3.3). Measurement data from

all M" (M'<M ) sensors tasked to observe object i at time step k + 1 in the set
S‘E

i,k+1

—{ f,...,sfw} (where elements in S{, | represent a sensor index j) is given by Equation 41,

In order to calculate the measurement estimate §,,,,, the sigma points are inputted into the

nonlinear measurement function such that

fy 3
hp (Xi,k-H ’ SSII,k+] )

hp (xlfkyﬂ > gs;,l,,kn )
y;/,kﬂ = 9y=05~"92n (57)

fy g
h\u (Xi,k+l’ sz,k+1)

fy g
hw (Xi.k+1’ szw,k+l)

The estimated measurement can then be calculated from
Vs Z WY (58)

It is again important to recognize that the UKF does not rely on a linear approximation of the

Taylor series expansion of the measurement function about X', as with the EKF, but instead

i,k+1 2
is accurate to at least second order, or even third order for Gaussian inputs. A proof of this
accuracy is provided in both [27] and [1].

With the necessary calculations to perform the update step, the cross covariance is calculated

by

Pl = ZWY [Xlkﬂ 1k+1i|[Y1 i Y k+1:|T (59)

while the innovation covariance is calculated by
PlylZJrl ZWY[ ik+1 S\/i,k+1:||:YiTk+1_§li,k+l:|T (60)
All the necessary information to calculate the updated state and covariance estimates in
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Equations 48 and 49 is obtained, to which these calculations are carried out in the same manner
as in the EKF and linear Kalman filter (should it be separated into a sequential process). Again,
as with comparing the EKF to the linear Kalman filter, the UKF carries out the same calculation
process as the EKF, it just handles propagating the state and covariance estimates, as well as
approximating the measurement function differently.

3.2.4.4 Performance Discrepancies Between the UKF and EKF

Due to the method of using sigma points to calculate forecast estimates, measurement
approximations, and other variables, many studies have shown the UKF to produce slightly
better estimates when applied to nonlinear systems than the EKF [28], [29]. It is expected that
these benefits will also be present in the calculation of various tasking metrics, and the UKF
should gain increased performance when compared to the EKF for multi-object tracking
scenarios which employ dynamic sensor tasking.

One such illustration of these advantages is in how the UKF better handles the calculation of
forecast step uncertainty (reflected by the covariance estimate) than the EKF for nonlinear
systems. Using the same example in Section 3.2.1, Figures 9 and 10 show how both the EKF and
UKEF propagate the initial mean given in Equation 22 with an initial Gaussian covariance derived
from the distribution generated from standard deviations in Equation 23 as seen in Figure 3.
Figures 9 and 10 show that the resulting estimated uncertainty obtained from the UKF provide a
better model for the overall uncertainty of the non-Gaussian distribution than the EKF, an
advantage that can lead to better overall estimates, and as this research will illustrate, better
tasking decisions.

An algorithm which describes the step-by-step process of implementing the UKF for an
object 1 (assuming measurement data exists for all M sensors at each time step) can be found in
Appendix B.
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Figure 9. Propagation of initial Gaussian distribution showing contour overlay of the evaluation

of Equation 19 with EKF forecast mean and covariance.
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Figure 10. Propagation of initial Gaussian distribution showing contour overlay of the
evaluation of Equation 19 with UKF forecast mean and covariance.

3.2.5 Gaussian Mixture Models and the AEGIS Filter

Recently introduced by DeMars et al. [35, 36, 2], the AEGIS filter reflects an adaptation to a
GMM filtering strategy, in which a series of L weighted Gaussian PDFs is used within a UKF
filtering scheme to obtain state and covariance estimates. The main conjecture of this method is
that the use of a GMM to describe the overall PDF is advantageous when applied to non-
Gaussian PDFs (such as the case with orbit determination problems). In addition, the AEGIS
filter employs a unique method for determining when a single Gaussian PDF must be split into
multiple ones based on a calculation of entropy, which reflects the presence of nonlinearity in a
PDF. As follows are details of both GMM filters, and how they are implemented into the AEGIS
filtering strategy.
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3.2.5.1 The Gaussian Mixture Model Distribution

As illustrated by the work of Sorenson et al. [31], GMMs are shown to be extremely helpful
because they can use the easily characterized Gaussian PDF to approximate a large class of
PDFs. This is achieved by using several Gaussian PDFs to approximate a single non-Gaussian
PDF, therefore more accurately reflecting a PDF resulting from propagating an initially Gaussian
PDF through a nonlinear system. In the GMM case, the overall PDF of the distribution is
described by the summation (presented to reflect an object i and time step k used in these
studies)

o ()= (L) g
1=1

where the index 1 represents a single component of the GMM containing L total Gaussian PDFs,
and vl!,k is a weight for the 1™ component of the GMM for object i at time step k subject to the

constraints
Vi, 20V lefl,2 andZvk (62)

Sorenson also illustrated that as the number of components in the GMM increases, the hyper
volume of their individual covariances decreases, leading eventually to each component
reflecting an impulse function. The result is that given an unbounded number of components, a
GMM can characterize a large number of non-Gaussian PDFs while still maintaining the
convenient Gaussian property of each component. This fact makes the use of GMMs very
convenient when used within an estimation process for a nonlinear system driven by some form
of Kalman filtering scheme.

3.2.5.2 Splitting a Gaussian Distribution

Of critical importance in the implementation of a filtering scheme using a GMM (and
therefore implementation of the AEGIS filter) is determining how to split a single Gaussian
distribution into several Gaussian PDFs. The following is a brief synopsis of the methods used
by DeMars [2] which concerns methods of splitting a multivariate’ Gaussian distribution into
one or more smaller Gaussian distributions. Therefore, in this case the assumption is that the L
total means and covariances in the GMM can be summated subject to a weight assigned to each
component to yield an approximation of a single Gaussian PDF

p ( lk’Xlk’P ) Zvlkplk( lk’Xlk’P ) (63)

Several recent works have illustrated methods for splitting both univariate [50, 51] and

7 A multivariate Gaussian distribution is described by a mean and covariance, while a
univariate is described by a mean and variance
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multivariate [52, 53] Gaussian distributions into two or more element GMMSs. In the AEGIS
filter, DeMars builds on methods first presented by Huber et al. [54] posing a splitting method
for multivariate distributions based on univariate splitting techniques projected along a single
direction of the multi-variate distribution. Therefore, an understanding of the splitting of a
univariate distribution must first be presented before the method for splitting a multivariate
distribution can be explained.

In the univariate case, a splitting technique is derived that can split a standard Gaussian
distribution into multiple components. This is achievable due to the convenient property that any
Gaussian distribution can be created by applying a linear transformation to the standard Gaussian
distribution [2]. The standard univariate Gaussian distribution, which has zero mean and a
standard deviation of one can be described by the PDF (dropping the subscripts i and k to reflect
a general case, and not specific to the SSA problem in these studies)

P (x)=p* (x:0.1) (64)
where x is the single random state variable in this general example used to calculate the PDF.
The goal of splitting p, (x) is to come up with a GMM p, (x)which approximates p, (x) such
that

D, (x)zivipg (x;mi,éz) (65)
i=1

where m' is the 1" component mean and G~ is the variance of each of the 1 components of the
GMM. DeMars suggests that each standard deviation G be equal, due to problems that may arise
from some being too large and others too small should this constraint not exist. Therefore, to
gain the best approximation of p, = p, it is necessary to form a minimization problem which

finds the elements mi, G, and w' which results in both the smallest value of &> and ensures a
minimal distance between the p, and p, distributions. To achieve this, DeMars suggests a cost
function of

J=D(p.p,)+¢o’ (66)
where C is a scale factor to aid in the multi objective minimization of Equation 66 and D(pl,pz)

1s the L, distance between the two distributions defined as [2]8

®In this definition, p, and p, are both assumed to be GMMs of the form in Eq. 61. This form
remains valid for the case of p, being a univariate standard Gaussian distribution and p, being a
univariate GMM. In this case, L; = 1, L, = L, vi = 1, m; =0, and P; = 1 while for each 1
component of p,, rﬁ; —m', and Pzi =5".
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> I;1vava(ﬁla,rﬁb,Pf,Plb)+...

Lz a *b a
+Za 1 b= 1 ( P P )
L2y b;vf‘sz(ﬁlf,rﬁg’Ra’P;)
where K( ) is derived from DeMars and Maybeck [55] as

pl apz (67)

.. - 1, . - 1, -
K (,.0,.B,.P,) = 2 (B + B, ) exp{—a(ml—mz)T(Pl+Pz) l(ml—mz)} 69)

The minimization of Equation 66 for a case of L = 3 has been executed by DeMars and will

be used in the application of the AEGIS filter in these studies. Values for the cost function scalar

value ¢, constant variance G°

, and component means m' and weights v' for this case can be
found in Table 1, and reflect values identical to those used in the work of DeMars.

Using the three component splitting library given in Table 1, a univariate splitting method
can be applied to a multivariate GMM which approximates the PDF in Equation 61. This is
achieved by applying the univariate splitting method to each variable in the multivariate PDF,
acting in a single direction of the multivariate PDF. Intuition would say that these directions
should be determined by the principal axes of the covariance matrix (i.e. the eigenvectors of the
covariance matrix), but aside from giving physical meaning to the splitting directions, this turns
out to be unnecessary. In fact, a simple square root factor of the covariance matrix is all that is

needed to determine a direction in which to apply a univariate splitting technique [2].

Table 1. Weights (vi) , means (mi), and variance (&) for a L =3and £ =0.001 solution to

the minimization problem outlined in Equation 66. These represent the splitting of an original
Gaussian PDF to be approximated by three Gaussian PDFs with the corresponding weights and
means, and all having equal variance.

I VI mi ol

1 | 0.225224624913675 | -1.05751546147588 0.671566288664076
2 0.54955075017265 0 0.671566288664076
3 | 0.225224624913675 | 1.05751546147588 0.671566288664076

To illustrate this method, we start with an original weighted Gaussian PDF which is desired
to be split into a GMM approximating the original PDF

b (%, XCLE) = Do (5,500 )

where the PDF on the left hand side of Equation 69 represents a weighted Gaussian PDF before
splitting, and the right hand side reflects a GMM after splitting. It should be noted that if the left
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hand side was to represent the original Gaussian PDF defined by the state and covariance

estimates p® (ii,k;f(:,k’f)sk) then Equation 69 would be replaced by

vp (%, K0P ) = Vi (%KL B (70)

1=1
where v = 1. Using this definition, and calculating a square root factor (via Choleski
factorization) for the covariance of the original PDF, IA’LCOH’I [ISI%HI ]T :131*0l where
P =[f):}(,,f)f§] , the weights, means and covariances of the L' components in the GMM

performed along the i axis can be calculated from

Vi:k =V Vi (71)
Xy =X +m'piy (72)
Nt A i 1T

Pi,i: = Pi,CkH’l [Pﬁ(ﬁ’l} (73)

where P = [f)i}(,,&f)iﬁ,,f)iﬁ] Again, it is important to note that should this split be the

original Gaussian PDF and not of a component of a GMM, then Equations 71-73 would be
replaced by

v =V (74)
Xy =X, +m'p], (75)
nvi oA A T

Pi,l’: = Pi,CkH’l [Pi,CkH’l:| (76)

HCHI _ [ Al ~AT H"
where P —I:pi)ka-"acpi,ka-"api,k
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3.2.5.3 Merging a GMM

The method of merging a GMM into a single Gaussian PDF is a necessary process in these
studies, especially in the calculation of tasking metrics generated from AEGIS filter estimates, or
assessing AEGIS performance. In some cases, the method of merging a GMM is necessary in a
recursive GMM-based filtering process, especially if components of a GMM are redundant. In
this case, some methods have been proposed which merge components based on their proximity
calculated from a distance measure [56], while attempting to optimize a cost function
determining components to merge result in the minimum change between an original GMM and
a reduced one [57].

In these studies, a primary application on the merging of GMM components is to determine
the equivalent Gaussian PDF which replicates the GMM (an approximation reflected in Equation
63). To calculate this, DeMars details how determining the expected values of each side of an
equation similar to Equation 63 and assuming all PDFs are Gaussian can yield approximations
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for a single mean and covariance of a GMM, given by
L 1

¢ tgmm
Xy =2

ik
L | “Nik
ED I

A
*]

(77)

and

Vi],k ﬁ*,l < * ) T o *,gmm | ~Xr*,gmm T
L—l( e T Xk |:Xi,k:| )_ Xi,k |:Xi,k :| (78)

1=1 Zl:l Vi,k

It should be noted that in Equation 78, this weighted average covariance must take into account

how far each GMM component mean (i.e. the Ith component) is away from the average weighted

mean (given in Equation 77), which is the reason why )A(lll( and lemm are included in this

equation [2]. Furthermore, an approximate single Gaussian mean and covariance can be
calculated during anytime within a recursive GMM filtering strategy, such as in the forecast step,
or once updates are obtained.

3.2.5.4 Detecting Nonlinearity in Propagation of a Gaussian Distribution

Given the nonlinear orbital dynamics governing the objects tracked in the SSA problem, a
single Gaussian distribution may not provide an accurate approximation to the non-Gaussian
error propagation, as illustrated in Section 3.2.1. However, should the degree of nonlinearity be
small, a single Gaussian distribution may provide a suitable approximation to the error
distribution, negating the need to split a Gaussian PDF into a GMM. Therefore, determining
when these splitting events occur should be based on the degree of nonlinearity in the
propagation of a covariance estimate. Junkins et al. [58] investigated the error propagation in
orbital mechanics (using a two-body force model with J, and atmospheric drag perturbations),
and discovered that the effects of nonlinearity in the error propagation are greatly affected by the
coordinate system chosen. In this case, nonlinearity was measured by utilizing linear
approximations of the orbital dynamics (i.e. a state transition matrix) to obtain a scalar
quantification of nonlinearity called a nonlinearity index. Others such as Park et al. [59] have
built on this concept of using the state transition matrix to determine nonlinearity, but in this case
higher order terms were included to use instead a state transition tensor to detect nonlinearity.

The AEGIS filter proposes a new method for determining nonlinearity, by utilizing the
Jacobian of the nonlinear orbital dynamics (also used in the calculation of a state transition
matrix) and covariance estimates in order to calculate the differential entropy of the system while
estimates are propagated from time k to time k+1 [2, 35, 36]. Given the basic definition for
differential entropy of a random variable X [10]

H (%) = [ p(%)log(p(X) dx (79)
and taking p(i) to be Gaussian of the form in Equation 19 and evaluating Equation 79 the result

(written in the nomenclature used in these studies) is
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= —log‘27zeP“ (80)

where 135;1 represents a forecast covariance estimate of component 1 in the GMM of object i1 evaluated

at some propagation time t between the forecast time steps k — k + 1. Equation 80 serves as an
easily computable metric which is used to determine the differential entropy of a nonlinear
system, given some covariance estimate.

If the derivative of this system with respect to time is taken, using the matrix calculus
property [35]
£1 fl 1 d (A
dt{ } P t{ (B! dt{P }} (81)

along with the linearized dynamics governing the covariance estimate [25]

T
Lipy= (L) by (L (82)
dt' >~ oxX o Sl oX it

and the commonly known matrix trace operator property tr(A) = tr(A"), a differential equation

for the linearized entropy is obtained
H —trKafj } (83)
oxX

Therefore, two methods exist for calculating the differential entropy Hil,t. The first is a

‘Pfl

nonlinear case, in which Equation 80 is evaluated at propagation time t using covariance estimate

f’f{l generated via nonlinear propagation (i.e. propagated using UKF methods described in

Section 3.2.4). The second is a linear case in which Equation 83 is evaluated using numerical

integration techniques to find Hi',t using only the dynamics of the system and the current state
estimate to evaluate (Gf/af()“. As long as the linear case matches the nonlinear case, it is

assumed that nonlinear effects are minute on the system, and a single Gaussian approximation
for the PDF of component 1 is sufficient. Conversely, if a difference exists between the two
cases, the indication is that nonlinear effects are increasing during propagation, and the
component 1 should be split further into more GMM components to better approximate the now

non-Gaussian PDF. Therefore, if the difference between the evaluation of H/, using Equations
83 and 80 extends beyond a certain tolerance, it is assumed that nonlinear effects have influenced

the propagation of P, and further splitting on this component is done using methods described

lt >
in Section 3.2.4. It should be noted that the evaluation of Equation 80 is only of value if used
within a UKF, or similar nonlinear propagation scheme. Should a linear propagation scheme be
used (such as the EKF), there would be no difference between Equations 83 and 80, since both
would reflect a linear case, and nonlinear effects would be undetectable.
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3.2.5.5 The AEGIS Filter

By using a UKF filtering scheme, the AEGIS filter works in much the same way that a UKF
does, except it applies the UKF approach to L components comprising a GMM which
approximates a single Gaussian PDF reflected by an object’s state (mean) and covariance

estimates. The GMM, which is initially a single component Gaussian PDF described by )A(io and

g

P.,, can be manipulated during the forecast step within a UKF propagation scheme to be split

into multiple components as significant nonlinearity is detected in one or more GMM
components. During this forecast step, the GMM maintains the constraints in Equation 62, and
will continue to add components to the GMM as needed until this step is completed.

Initialization

Starting with an initial distribution of sigma points calculated from’
Ao = )A(To [1]1X(2n) + \/H[Onxl f)ﬁ)ﬂ - lA)i,coﬂ] (84)

These sigma points are propagated through the nonlinear system dynamics until sufficient
effects of nonlinearity on the propagation are detected, or until the first time step comes to an end
atk=1.

Forecast Step

In a general propagation of sigma points from time step k to k + 1, assuming that for some GMM

component | of object i the sigma points at time step k are given by z;, 10

The sigma points of this component at time t in the propagation from time steps k to k + 1 is

2 =F (i) (85)
where at time t in the numerical integration process, the state estimate is evaluated from
2n
Xi=2 Wl (86)
y=1
with weights W/
1
W' =— y=1.,2n (87)
2n

®Note that these 2n sigma points can create the same distribution mean and covariance as the
2n + 1 sigma point distribution illustrated in Eq. 50 and Section 3.2.3, as long as the constants «,
a, and B are chosen to reflect a Gaussian distribution where the weight associated with the
additional sigma point calculated in Eq. 54 and 56 is zero (e.g. if k =0, a =1, and = 0).

“For the initial Gaussian distribution, the GMM would only have one component, so this
general set up for the AEGIS forecast step is valid even in the initial case when L=1and k=0
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The Jacobian of the state dynamics can be evaluated at time step k by applying Equation 6
with X; = Xlk as an initial condition in the numerical integration of Equation 83 to any
integration time t, obtaining a linear approximation of Hi{t .

Likewise, at any time t the covariance estimate is determined from

B!, ZWy[z“ =%, T (88)

where W/ = W,”’ Vy . Next, this covariance estimate (recalling it was propagated nonlinearly)
can be plugged into Equation 83 to calculate the nonlinear differential entropy. If the difference
between the nonlinear differential entropy and its linear approximation exceeds a user defined

tolerance at time t, then the component 1 of the GMM describing object i must be split into L
components such that

Vil,kp (XmaX:w n) Zvlkp ( maP;t) (89)
if L>1, and

p* (%, X[, B )~ Zvlkp( SXLLBL) (90)

if L = 1. It should be observed that in Equations 89 and 90 the weights remain unchanged from
their values at the time step k, implying that component weights remain constant during
propagation, and are only altered if a splitting process occurs.

Splitting is achieved by applying the three component splitting library constants given in
Table 1 to Equations 71-78 for the case of L > 1, and to Equations 79-81 if L = 1. For any 1
component that was split in such a way, sigma points for the L components generated from this
splitting are calculated from

2o = X0 (1 oy + [ 0, P -S| i 1)
where f)iiHi [lslcf”] = 1311t .

After all sigma points are drawn for each new 1 component of the 1 total original 1
components which were split, the number of components in the new GMM is reset such that

L« L+ I(i - 1) , and each component in the total GMM is once again referenced by the same
nomenclature, 1, such that Z;l = L. This is continued until process of detecting nonlinearity

followed by splitting the GMM" the propagation step is completed at the time step k + 1. Once
this occurs, the forecast sigma points for each 1 component in the GMM are

Zif,ijﬂ = F (Zil,t’) (92)
where t’ is the last time between the time steps k and k +1 in which a splitting occurred. The
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forecast state and covariance estimates for the 1™ component in the GMM are then evaluated by

2n
X = 2 W 2l (93)
=l
and
A 2n o R T
Pifli—l = pry [Zlfklfl - leliﬂ][llfklf] - Xit,’li+1:| + Qi,k (%94)
r=1
Update Step

The update step in the AEGIS filter remains relatively unchanged from that in a standard
UKF, except that the AEGIS update must not only provide updates for each 1 component in the
GMM, but also update the weights associated with those components. Sorenson et al. [31]
originally came up with the method for updating these weights based upon applying Bayes rule
to determine the posterior GMM distribution conditional on the measurement data. For these

studies, measurement data is used from all M'(M’'<M) sensors tasked to observe object i

T

r..» as well as the sets of

(methods for determining objects tasked for observation in the set O

sensors tasked to observed them S’

i1 are detailed in Section 3.3) at time step k + 1 in the set

Sh = {sl’,...,s;m} where elements in S;

‘.. represent a sensor index j. This measurement vector

is given by Equation 42.

Using the nomenclature of these studies, and constraining all distributions to be Gaussian,
Sorenson et al. determined the a posteriori distribution conditional on the total number of
measurements y, ., to be modeled as a GMM from

£

L
g(x S - p* ~ 1 gy .xrl prl
p (Xi,k+1 | Yi,k+1) =p (Xi,k+19Xi,k+l’Pi,k+l) ~ Zvi,kﬂp (Xi,k+19Xi,k+19 Pi,k+1) (95)
1=1
1 . . .
where v, is the updated GMM component weight, given by
1 _ef= Lol yy.l
o VP (Yi,k+17Yi,k+17pi,k+1)

ik+l1 L ' N N ,
21':1 Vil,kpg (Yi,k+1 ; yz,k-ﬂ 7piy,}ll<’-}-l )
Using UKF update techniques applied to each 1 component in the GMM representing object i,

1% (96)

the measurement estimate y, ., is calculated by inputting the sigma points for component 1 into

the nonlinear measurement function such that
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fly 3
h, (Zi,kw sz,kn)

fly =
hp (Zi,kﬂ’ Ssgm,kﬂ)

= ,v=1,..2n 97
ik . (;{f’l’}’ . ) Y 97)
w \ ALk 560 et

fly 2
h, (Z ikt S )

The estimated measurement is calculated from this transformation of each sigma point

through the measurement function by
2n

9:,k+1 = Z:, nyYil,,lz/H (98)
p
With the necessary calculations to perform the update step, the cross covariance is calculated
by
Bt = Sy [ - kit v -5, T (99)
=1
while the innovation covariance is calculated by
131?1{;11 = iwg [Yifllliyl - 9if,’li+l:||:Yifl’(ljl - 9?,11+1]T (100)
p
and the Kalman gain is obtained from
K},k+1 = Pi),(lz,jrll {Rylz,-*—ll +R }_] (101)
where R, is calculated using Equation 47. Next, the GMM component weights are updated

using Equation 96, while the state and covariance estimates are updated from
X?iﬂ = leliﬂ + K:,k+1 [yi,kﬂ - 9},k+l:| (102)
lsiy:fjn = 13if1’<1+1 - K},k+l l)lyli/-%—ll + RiT,k-H } (K:,k+l )T (103)
3.2.5.6 Performance Discrepancies Between the UKF and AEGIS

Although the AEGIS filter reflects a recent development in the area of nonlinear estimation,
DeMars et al. have tested it within the nonlinear system of orbital dynamics, comparing its
performance to the UKF [2, 35, 36]. Recently, they have also tested the AEGIS filter in regards
to its effectiveness to calculate various information metrics (such as Renyi and Kullback-Leiber
divergence) to be used in tracking problems similar to those found in SSA [60]. These
preliminary studies have shown that the GMM approach to modeling and nonlinearly
propagating a Gaussian PDF through orbital dynamics results in better uncertainty models as
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opposed to the single Gaussian PDF approach implemented by the UKF. The conjecture for
these studies is that, much like comparing the EKF to the UKF, when comparing the UKF to the
AEGIS filter, performance should be further increased using the AEGIS filter due primarily to
the improved methods of uncertainty modeling.

In a similar fashion to Section 3.2.3, an illustration of these advantages in how the AEGIS
filter better handles the calculation of forecast step uncertainty (reflected by the covariance
estimate) than the UKF for nonlinear systems. Using the same example in Section 3.2.1, Figures
9 and 10 show how both the EKF and UKF propagate the initial mean given in Equation 22 with
an initial Gaussian covariance derived from the distribution generated from standard deviations
in Equation 23 as seen in Figure 3. Figure 11 shows how the AEGIS filter propagates these same
initially (single component) Gaussian distributions, and how the resulting GMM PDF matches
the uncertainty distribution better than the single Gaussian PDFs calculated using the EKF and
UKF.

An algorithm which describes the step-by-step process of implementing the AEGIS filter for
an object 1 (assuming measurement data exists for all Mg sensors at each time step) can be found
in Appendix B.

-1.36—

4l | | L L |
-13000 -10000 -8000 -6000 -4000 -2000 0 2000 4000 6000

X (km)

Figure 11. Propagation of initial Gaussian distribution with GMM PDF contour overlay
calculated from propagating initial Gaussian PDF using AEGIS methods

3.3 Sensor Tasking

Once the respective filters are applied to the multi-object satellite tracking problem, an issue
arises regarding which objects to observe, and which to ignore should more than one be visible
to a sensor at a certain time. This decision process is henceforth known as sensor tasking, and is
implemented in coordination with the filtering process. In order to carry out these tasking
decisions, some form of metric must be obtained, so that objects can be ranked (or prioritized)
based on some performance criteria. This criterion takes the form of a utility metric which is
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gathered from the physical measurements taken on those objects, or the estimates of their states
and covariances given by the filters. As follows are descriptions of three candidates for these
utility metrics, and how they are obtained from the filter estimates and sensor measurements.
Furthermore, each utility metric requires a separate decision process which determines the
object-sensor pairs used for observation, given all of the possible object-sensor pairs at that time.
Therefore, the tasking component of this simulation is segmented into determining the available
object-sensor pairs and assigning a utility metric to each, followed by a decision process which
allocates sensor resources based on these metrics.

3.3.1 Tasking Problem Organization

Given forecast step object state and corresponding uncertainty estimates )A(f’lﬁl and f’ka

described in Section 3.2, available object-sensor pairs (the sets O, and S;, ., described in

Section 3) are determined from Equations 17 and 18, and two N xM_ matrices will be

calculated.
The first, called the visibility matrix, 4, ,, (containing elements 4 .., ) gives a numerical

representation of the priority for measuring a particular object.
:U(1,1),k+1 o lu(l,Ms),k+1
Loy = : B : (104)
Hon e 7 Hinom)kn

Should a specific object 1 and sensor j pair be available for observation (i.e. i e O}, and

j€S;,,,), the element K, will be determined by calculating a utility metric based on the

j)k+1
method of tasking chosen. Should the object-sensor pair not be available for observation, the

element Hii

el will be assigned a value that eliminates that object-sensor pair from being

selected for tasking (for this studies, this will be Bt = 0).

Assuming a constraint that only one object can be observed by a sensor at any particular
time, the matrix g, +1 is then used in a decision making process which produces a second

N, x M, matrix called the decision matrix, & __,.

§(1,1),k+1 o gg(I,Ms),k+1
o I R (105)
é(Ns,l),kH o é(NS,MS),lw1

are binary where values of 0 indicate the object i is ignored

The elements of this matrix &,

(or simply not available) by sensor j, and 1 if satellite 1 is tasked to be observed by sensor j.
While the calculation methods to obtain & , will differ for each method of tasking, they will all

47
Approved for public release; distribution is unlimited.



be subject to a binary element and single object to one sensor constraints
NS
zg(i,j),kﬂ <l,j=1..,M, and g(i,j),kﬂ = [0’1]; V[i, J] (106)
i=1

Methods of applying these constraints to calculate the decision matrix will revolve around
either a continuation of previous work utilizing Fisher information gain (FIG) as a tasking metric
[21], or new methods utilizing largest Lyapunov exponent estimation (LLE) or Shannon
information gain (SIG). For FIG tasking, a utility metric is calculated from the FIG for each
available object-sensor pair, thus providing the elements for the visibility matrix. Next, A linear
programming problem will be applied to the visibility matrix to determine a decision matrix
which maximizes total information gained at a particular time step.

In SIG tasking, a small scale, yet simple dynamic programming problem is solved to select
the object each sensor will observe at a given time step. In LLE tasking, elements of the visibility
matrix for each available object-sensor pair will be determined from the LLE of each object. In
this case, the decision process is greatly simplified so that each sensor views the object which
has shown the greatest tendency towards divergence in its estimation error, given all the possible
objects it can view at that time. Specific details of the calculation of the visibility and decision
matrices using FIG, SIG, and LLE methods are found in Sections 3.3.2 — 3.3.4.

Once the elements of the decision matrix are calculated, indices of which objects are tasked
to be observed O]

¢, and the M’ sensors tasked to observed them are determined from

MS
Oir,k+1 = {1 : Zf(i’j)’k_H 2 1} (107)
=
and
Stk = {J : é:(i,j),k+1 = 1} (108)

such that the number of indices in S, , =M".

3.3.2 Fisher Information Gain

Fisher information takes the form of a matrix representing the amount of information present
in an unbiased estimator. More specifically, it is used to approximate the lower bound of the
variance present in an unbiased estimator of some random variable, conditional upon some
unknown parameter (in these studies, this random variable will be the states X, and the unknown
parameter the measurements y ). Through some derivation, it can be shown that the inverse of

Fisher information provides a lower bound to the variance of the root-squared error of an
unbiased estimator of X, which is also known as the Cramer-Rao lower bound [15]. Since the
Fisher information is the inverse to this lower bound, it follows that if the Fisher information is
high, the variance in the root-squared error for the estimator of X will be low, and hence the
uncertainty in the estimator will also be low. Given the desire to reduce the overall uncertainty
on the proposed multi-object tracking problem, Fisher information is a very useful metric in
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deciding which combinations of measurements from each possible object-sensor pairings will
produce the largest increase in information (or greatest reduction in uncertainty).

In terms of probability theory, Fisher information is defined as the expected value (denoted
as the E operator) of the variance of the score of a random variable, such that

ZzElZ(a%logp(iW)J } (109)

where the Fisher information is given by , and the probability density function of the random
variable X conditional on y is given by p(X|¥).

An application of calculating this metric (in matrix form) to an estimator of a nonlinear
system with additive (and constant) Gaussian process and measurement noise has been presented
by Ristic [17] as the filtering information matrix, which when using the nomenclature of these
studies is given by

~ . -1 - ~ ~
Zi,k+l = (Qi,k+l + EI:Fi,kH:IPi,kE[FIkH ]) + E[HIkH}RkllEI:Hi,kHiI (1 10)
where the matrices E’kﬂ and ICIi,k+1 are defined by the Jacobians of the nonlinear state and

measurement functions evaluated at the true state at time t = (k + I)At . These can be evaluated

with knowledge of all the M sensors tasked to observe object i at time step k + 1 in the set
Sia = {sf,...,s;,l,}

l~:i,k+1 = [V- £ (ii,kﬂ )_T (111)

- T

T

(112)

ikl = | YR
h X8 ’,k+1>

h'// (X’ Ssi,[,,kﬂ)

= — X=X k41

where V_  refers to applying the differential operator with respect to the current true state

- A ~ -1
vector, X, - The (Qi’kﬂ+E[Fi,k+JPi’kE[Fi,Tk+J) portion of Equation 110 represents the

information obtained from propagation of the system dynamics and covariance, while the
information gained through observation y, ,, is

Qi = E[HIHJR;LE[PILHCI (113)
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However, no estimator will give an exact analytical representation to ﬁi,k+l since the true
state X, ,,, is never known, so it will need to be approximated. This approximation could be

made by calculating the gradient of the truncated Taylor series centered about the forecast

. 5 f
estimate, X, ,

~ O H?,ku (ii,kﬂ - )A(if,kﬂ )dil
Hi =2, (@) (114)

d=1

where the term O is the order of accuracy the particular filter is accurate to (making d the
particular order of a term in the Taylor series expansion), and

H = ’ (115)

i,k+l T

—).‘=Xi,k+l
Since the EKF linearizes the nonlinear measurement function, it is first order accurate and
therefore for the EKF I:Ii,k+1 is derived from Equation 114

ah (ii,kﬂ)

= (116)

S

ik+l —
i,k+1 - &F
i k417X k41

However, since the UKF’s estimated measurement is accurate to at least second order, and
sometimes higher [27], it is more difficult to apply Equation 114 to evaluate I:IUH1 for the UKF.

However, another approximation for I:Ii’k+1 i1s made, through investigating the information form

of the Kalman Filter covariance update equation. Several publications [16, 14, 17, 21] have
expressed this form when applied specifically to an EKF, but here it will be derived for the
general case of the Kalman Filter algorithm (i.e. not making any assumptions concerning the
accuracy of the approximations to the nonlinear measurement function).

To begin, it is necessary to define the inverse of the Kalman filter covariance update
equation, which represents an approximation to Equation 110. First, the innovation covariance

P,  is defined in general terms as the expected value of the covariance of the estimated

measurement with respect to the true measurement

50
Approved for public release; distribution is unlimited.



_ A _ A T
P = E|:(yi,k+1 - Yi,k+1)(Yi,k+1 - Yi,k+1) :| (117)
which is rewritten as
A T T)!
(Yi,k+1 ik )( X k1 X£k+l) {( X k41 lek+1) } X
Pia=E (118)
- A -1 A ~ . T
e X {(Xi,k+1 - Xif,k+1 )} (Xi,k+1 - Xif,k+1 )(Yi,k+1 - Yi,k+1)
If the expectation operator is distributed, and the inverse exponent factored out, using the

lemma (AB)_] =B'A™", Equation 118 is rearranged as

E|:(S;i,k+l y1k+l)( Xkl X1fk+])Tj|
O L G TS S o 19

e X E[(Xi,k+1 - Xl Kol )(}’l i~ Yigen )TJ

Furthermore, the cross covariance is defined as the expected value of the covariance between
the state forecast estimate with respect to the true state, and the measurement estimate with
respect to the true measurement

Plxlz,-%—l = E|:()_ii,k+l - 5(1 K+ )(yl k+1 9i,k+] )T} (120)

Finally the forecast covariance is defined as the expected value of the covariance of the state
forecast estimate with respect to the true state

Bl = B (R~ i) (R K0 |

When Equations 120 and 121 are applied to Equation 119, the result is

(121)

P, =[P B (122)

This method for defining the innovation covariance in terms of the cross covariance and
forecast covariance is valid for both the EKF and the UKF (and therefore the AEGIS)
algorithms. By applying Equation 122 to Equations 46 and 49, the covariance update equation is
redefined as

P] K+l P1fk+1 Efkﬂﬂfkﬂ {77i,k+1Pfk+1771 ki T R1Tk+1 }77i,k+1P1fk+1 (123)
where the matrix 7, ,, is defined by
A 4
771 k+1 I:R]Z+1] {Pifk+1} (124)
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If the matrix inversion lemma'' is applied to Equation 123, the information form of the
Kalman Filter covariance update equation is obtained.

| -1 . 1
{Pi,k+1} {Plfk+1} +77iTk+l{R1k+l} T e (125)
Equation 125 is a Kalman filter-specific approximation for the filter information matrix,
z.

i1 » given in Equation 110, and therefore an approximation to the Fisher information.

1 ~
Additionally, the term 771Tk+1 {Rka} M 18 an approximation for the information gain, Q, ,,,

given in Equation 113, making 7, ,, also an approximation for H , presented in Equation 114.

i,k+

Therefore, using 7, ,, = H, ., the Kalman filter information gain matrix is described by

k+1°

éi,kﬂ = 77iTk+1 {erkﬂ }_1 T jen (126)

This same information gain matrix has been referred to as the Fisher information gain
(abbreviated as FIG in these studies) and has been suggested as a sensor tasking metric in the
work of Tian, et al. [14] and actually applied to a satellite tracking problem identical to the one
used in these studies by Erwin, et al. [21].

However, the measure of FIG in Equation 126 represents the information gained by taking
measurements from all sensors tasked to observe one object. For these studies, a calculation of
FIG must be done of every possible object-sensor pair, and therefore Equation 126 must be
altered to take this into account. Therefore, to estimate the FIG for each object-sensor pair,
Equation 124 is reformulated to

M jacn = [P(l J)k+1] {Pxfk+1 }_1 (127)

such that the cross covariance P  is defined for a specific object i sensor j pair. For an EKF

(i.,).k+1
this cross covariance is defined by

P(Xy)k+1 151k+1 |:H(i,j),k+1:|T (128)
0 -
where H G_Xh’” (X’Sj’k“)
(i, )k+1 P -
a_)_{h'// (X’Sj,k+1) .

Should a UKF be implemented, the cross covariance would be calculated from

P Zwy[z,kﬂ K Y= Fien | (129)

with the sigma point measurements and estimated measurement calculated from'

“(A+BCD)'=A"'~A"B(C"'~DA"'B) DA

2 Note that this is based on using 2n + 1 sigma points. Should a UKF with 2n sigma points be
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h Zip’}; ’g' +
Y7 o (2a5500) .y =0,..,2n (130)
h

(ij)k+1 — g
w \ Xik+15 Sjxe1

and

2n
Y = > W YU e (131)
7=0

Whether an EKF or UKF is implemented, the resulting information form of the covariance
update equation for object i based on measurements solely from the sensor j would be (recalling
R;+1 1s defined in Equation 16)

B* ! AF - T -1
{P(i,j)k+l} = {P(i,j)k+1} T 10 e I:Rj,k+1:| T jxen (132)
with the FIG for that object-sensor pair defined as
~ T -1
Qi = ket I:Rj,k+1:|k+l i st (133)

A convenience in defining the object-sensor pair specific FIG in Equation 133 is that it can be
used to obtain the total FIG for multiple sensors observing object 1, as illustrated in the works of

T

Erwin et al.[21]. Considering a set of sensors S, z{sl,...,sfw} whose elements represent a

sensor index j, Equation 125 is modified to

{IA):H‘ }71 - {Isfk” }71 + iU(Ti,sj,,k+1)Rs;1,k+177(i,s§,,k+1) (134)
i=1 -

Therefore, there exists a direct linear relationship between the FIG and the amount of
information gained on a particular object, leading to a linear programming problem identical to

that in the work of Erwin et al. [21] which seeks to find the binary variables f(i,k)’ which

k

maximize

N, M
Zz/u(i,j),kﬂé(i,j),kﬂ (135)

i=1 j=1
subject to the constraints outlined in Equation 106. This constrained maximization problem
represents a linear programming problem and can be solved using a simplex method [61].
However, a problem arises in that FIG is computed as a matrix, and must be converted to a scalar
for each object-sensor pair in order to solve Equation 135. The two intuitive choices for this
scalar metric would be to either take the trace or the determinant of the FIG in Equation 133. In
these studies, the trace will be used such that the elements of the visibility matrix are chosen as

'u(i,j),k+1 = ¢(i,j),k+l , where
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T _
¢(i,j),k+1 - traceu:n(i,j),kﬂ :| {ijk”} 1 n(i,j),kﬂ j’ v [I’J] € I:OiJrl’S?,kJrl:I (136)

In this case, the trace is used over the determinant, because the determinant of the FIG matrix
in Equation 133 will always be zero for an EKF, as illustrated by the simple example in
Appendix A. Using the trace is not without consequence, since it has no physical meaning to the
problem because the units across diagonal elements of the FIG matrix are not equal (due to the
position and velocity related components of the FIG matrix). This inconvenience could be
alleviated by either normalizing the diagonal components of the FIG matrix, or converting the
matrix to canonical (unitless) dimensions, but this would in fact only change the scaling of
elements in the matrix. The proper scaling between position and velocity information
components would be a topic for further investigation, and more applicable to an investigation of
the best practices for using an FIG-based tasking strategy applied to a satellite tracking problem.
However, in the case of these studies, simply using the trace suffices to show trends in the
coupling effect between the filters and the FIG matrix.

Thus, this tasking metric drives sensor allocation to provide the largest single-step increase in
information to the collection of objects being tracked. Additionally, since this metric reflects an
instantaneous benefit of taking a measurement on a certain object, without regard to future
predictions of an object’s uncertainty or knowledge of its dynamics, it can be viewed as a greedy
or myopic form of tasking.

3.3.2.1 Calculating FIG for an EKF

By applying Equation (127) to Equation (126), the result is

B 5p S Ap R
Xiel " Xjrer Yiket ~ Yk 0 0
Pl Pk
Mt = Hijpaen = ~p S b s (137)
Yikea =Yk Xika ~Xjxa 0 0
- 2 2
P,k Pi gk

which if applied to Equation (136) results in a metric whose calculation depends only on the
objects prediction step estimate location with respect to the sensor location, and the sensor noise
covariance (which for these studies is constant for each sensor). This is an important observation,
since it will become a factor in performance discrepancies between the EKF, and the
UKF/AEGIS filters described in Section 5. Furthermore, this illustrates a direct consequence the
EKF linearizations (in this case, the linearization of the nonlinear measurement function) have on
the evaluation of the FIG metric.

3.3.2.2 Calculating FIG for a UKF

By applying Equation (129) to Equation (124), the result is
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2n A % V ' '
[ oW L2 =Kl [ Y =T } o
M jpwn = Y

-1
2n A A T
7| oty _~xf ~ty _xf
X{ =0 wp |:Zi,k+] Xi,k+]i|[li,k+l Xi,k+l] +Qi,k}

where the sigma point weights, W/ are defined in Equations 54 and 56. If Equation 138 is

applied to Equation 136 results in a metric that is a function of the distribution of sigma points as
well as the constant sensor noise. In particular, both the distribution of the sigma points in the
prediction step, and their transformation into measurement space will factor into the calculation

of /. and therefore ¢(i’) The evaluation of the FIG metric using a UKF differs

i)kl
significantly from that of an EKF, despite the fact that they represent the same quantity (that is a
scalar evaluation of information gained from taking a measurement) for each filter.

3.3.2.3 Calculating FIG for an AEGIS filter

Unlike the EKF or UKF, the PDF describing the AEGIS filter is not a single Gaussian PDF,
but rather a collection of weighted Gaussian PDFs resulting in a GMM PDF. The FIG could be
calculated by taking the inverse of Equation 78, splitting it into components of information
gained through propagation and information gained through measurement in the same manner as
Equation 124. However, this is not possible due to the fact that evaluation of Equation78 requires

an updated state estimate for each | GMM component X}},,. In order to calculate this state
estimate for each GMM component via Equation 102, an actual measurement vector y,, , would

be impossible to obtain before any tasking decisions have been made. Therefore, any evaluation
of FIG based on an object/sensor pair will have to be evaluated as an approximation to the true
FIG.

This approximation is achieved by calculating a weighted average state and covariance
estimates at the beginning of a time step via Equations 77 - 78, and applying a UKF forecast and
update step to calculate 77, ;. ., using a UKF strategy. This is the equivalent of calculating the

UKF FIG of a single component GMM (which may approximate a multi-component GMM), and
does not require measurements actually be taken as it would for the same calculation using a
multi-component GMM.

Therefore, starting with the weighted average state and covariance estimates lem and

A% . .
P, #™ 2n sigma points are drawn from

Zif’l,(gmm — Xif,,f(gmm [1] + \/H|:O f)CH,gmm . Eiﬁ,gmm] (139)

1><(2n) nx1 ik

where
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A A T A
CH,gmm CH,gmm _ p*.gmm
pemm [ Bgem | = B (140)

Sigma points are propagated in the same way as for the UKF described in Section 3.2.4 to obtain

S f . . Nf .
the forecast state (Xi ff‘lm) and covariance estimates, (Plk’i‘i'm) Next, the object-sensor cross

covariance is calculated by

2n-1

T
Xy,gmm __ (7) ~fgmm,y & f,gmm gmm,y _ ~gmm
P(i,j),k+1 - pr |:Zi,k+1 Xi,k+1 :|[Y(i,j),k+1 y(i,j),k+]i| (141)
7=0
where the sigma point measurements are

)
mm, P i,k+1 > P k+1
Y(“ij)’kil = N ,7=0,..,2n—1 (142)
h .gmm,y
v (Zi,kn ) Sj,k+1)

the estimated measurement is

2n-1
oemmo 7\ gmm,y
y(i,j),k+l - Z Wx Y(i,j),k+1 (143)

7=0
and the sigma point weights are defined in Equation 87. Finally, P77 and 13(&?:1& are applied

to Equation 126 to get M)

i » Which is then used in Equation 136 to obtain the approximate FIG
for an AEGIS filter.

3.3.3 Shannon Information Gain

Defined as a scalar measure of information about the state of a system (applied here as a
relative gain between a prior and posterior distribution), Shannon information is used in a similar
manner to Fisher information as a utility metric for a sensor tasking problem. The primary
difference between the two is that the SIG is normalized and represents a relative gain in
information, while the FIG is an absolute gain. Utilizing the SIG as a tasking utility metric would
therefore drive tasking decisions to observe objects which have the largest gain in information
relative to where they were before observation while the FIG would task based on the maximum
total gain of information. As follows is a brief description of how SIG is calculated, and how it is
used within a single-step dynamic programming problem to determine tasking decisions.

To begin, the Shannon information originates from the definition of Shannon entropy, which
measures chaos or disorder about the state of a system. Originally created to give a mathematical
foundation to signal processing problems [62], entropy measures have been extended to
applications in problems involving uncertainty measurements in statistical mechanics. For a

differential system, the Shannon entropy is defined in Equation 79. When assuming the PDF
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p(X) is a Gaussian distribution pg( lk,X1 P k) for object 1 at time step k defined by Equation
19, the result is
= [ p* (%, X1 B, logp® (%, X[ By ) dR (144)

Shannon conjectures the similarities between this measure of entropy and the concept of
information, in that the Shannon information was defined as the negative Shannon entropy13

jp ( lk’Xlk’l)lk)logp ( 1k;Xik>f):k)dii,k (145)
By the definition that the expected value of a random variable x is E(x)=_[xf (x)dx ,

Equation 144 becomes
1(,,) = E{logp* (%,,:X,,.B, )} (146)

Evaluating the natural logarithm of p® ( lk,X1 o P yields

I(iiﬂk) = E{—%(log | 27zf’:k |+trace{(>?i,k —)A(;k)(ii,k —)A(?,k )T [f{k]_l}j} (147)

If the expected value operator is distributed, the result is

(%) = {—%(10g|27l’P ) |+trace{P [fz’jk}_l}j} (148)

which leads to the final form of Shannon information for a Gaussian PDF

I(Xijk)———log|27rP | (149)

The Shannon information gain (SIG) is based on an evaluation of the information gained through
observation from an a priori and a posteriori distribution as presented by several previous works.
[13, 64, 65]. In this case, SIG is defined mathematically as the difference in Shannon information
between the state at the forecast step (before observation) and the update step (after observation)

AL, = —%log | Zﬁenlsifk-#l | —(—%log | 27[enlsifk+l |] (150)
which is simplified to
ALy = llog | Alfkﬂ | (151)
) S

When utilizing a Kalman filter while tracking N objects using M sensors, Equation 151 for
a particular object i observed by a sensor j at a time-step k + 1 can be revised to become

Y Several notions between entropy and information, including that made by Shannon can be
found in the work of Skagerstam [63]
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Lo Pl
(1.5)k+1 2 g | P(]J) ( )

where calculating P( 1 for a specific object-sensor pair is defined as

k+1 |

A sk

P

(Lj)k+t —

P(f j).k+1 K(i,j),k+1 |:P(yy) k+1 + RJ k+1 :| Kg i)kl (1 53)
In Equation 153, the Kalman gain matrix is calculated from

1
K(i,j),k+] = P(lyj) k+1 {P(bi]?/j),kﬂ + RJ k+l} (1 54)

where the object-sensor specific innovation covariance is defined using the cross covariance
(derivation in Section 3.3.2) from

P =[P ] 1) P (155)
with the object-sensor specific cross covariance defined for an EKF by Equations 127 - 128 and
for a UKF by Equations 129 - 131. Therefore, for the purposes of using SIG as a tasking metric

the elements of the visibility matrix are chosen as s, ., =Al ;. V[ij]e [ k+1,Sf‘k+l].

However, a linear relationship between the total amount of SIG gained over all objects tasked for
observation and the individual SIG for each of those tasked object-sensor pairs does not exist
like it does for FIG, as illustrated by Equation 134. In fact, the SIG calculated for an object-
sensor pair will change each time the objects state changed (whether by propagation or by being
observed by a sensor). That is, the addition of individual SIGs for an object and the M’ sensors
tasked to observe it is not equal to the total SIG of that object based on the observation of its M’
sensors tasked to observe it. Due to this, a solution to the decision matrix cannot be evaluated as
a linear programming program as was the case with using FIG.

To formulate this decision making process, at each time-step a total possible SIG for each

object (based on observations by all M’ sensors tasked to observe it S/, , {sl, ,s;,l,} , and

assuming only one observation is possible per sensor) is calculated from Equation 151. This total
SIG can also be broken down into a summation of iterative information gains from each sensor
observing that object, due to the additive property of Shannon information [10]. Therefore, a
total measure of the SIG can be redefined as

e = +ZM
ik+1 1 51 k+l ¢ s

where AI(,{? e represents the SIG between object i and sensor j=s'

Al (156)

k+1

+1

7 based on

observations from other sensors j= {s},...,sf} tasked to observe that object. This individual SIG

within the summation operator in Equation 156 is calculated from'*

4 Should M'=1, AL, , = Al

ik+1 (i) k+1
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= 1log |P(i’
(i,{s;ﬂ,...,sf}),kH _5 1’5*—5
‘ (i,{s;ﬂ,...,sl’}),k-%—l’

Ak . . . . . .
where P(,{, m is the covariance estimate of object i based on the sensors, Jz{s},...,sf }
1,085 58] ( K+

{s?sf }),k+1 | ,

Al M’ %1 (157)

observing it'>. To calculate this covariance estimate, a similar approach to the methods in
Equations 49 and 153 are used, except that this new covariance estimate reflects an estimate

based on only a portion of the sensors in S{, ,, (unlike Equation 49 which includes all sensors in

S’«.; or Equation 153 which includes only one sensor). This estimate is evaluated as

D* _ pf _ yy T
P(1{sj ,4..,s1’}),k+l - Pi’k*'l I<(i,{s}+l ,4..,s1’}),k+l |:P(i,{s_]5+, ..... sf}),k+1 + I{(i,{s}+l ..... Sf}),k#—l}K(i,{S?H ..... sf}),k+1 (158)

In Equation 158, the Kalman gain matrix is calculated from

-1
— PpXxy Yy
K(i {SJTH ..... 5]’}),k+1 - P(l {5J’ ..... sf}) k+1 {P(i,{sjrﬂ,.“,s]’}),kﬂ + R(i,{sjrﬂ,.“,s]’}),kﬂ} (1 59)
where the innovation covariance is defined using the cross covariance
T -1
vy _| pxv pf Xy
P(i,{s},...,sf}),kﬂ - |:P(i,{s}+l,...,sf}),k+l:l {Pi’kﬂ} P(i,{sjﬁl ,.4.,sf}),k+1 (160)
and the sensor noise covariance matrix for the sensors j= {s},...,sf} is
_ , .
(Vs?,kﬂ) 0 0
0 . )
2
: P
: (Vs§r,k+1 ) 161
R(i,{s}ﬂ,‘,.,s{ et - 2 ) (161)
() '
sy k+1
0
2
74
L 0 0 (Vsjr,k+1) J

Should an EKF be used, the cross covariance is calculated by

** Likewise P’ i is the covariance estimate of object i based on the sensors j= {s},...,sf}

(1,{s}+1,...,sf} k+
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with

(i,{s} yoensS] }),k+l

If a UKF is implemented, this cross covariance is calculated by

Xy _ 2n ¥
P(i,{s},.u,s,’ frst Z}/:O W,

where

YV —

(i»{sj'n ,4..,s1’}),k+l -

= aX XZX{.kH

|2z~ Xf,k+1][Y(i{szw--wsf})

fy 3
h, (Zi,kw Ss;,k+1)

f.r =
hu/ (Zi,kﬂ’ Ss},k+1)

1s used to calculate the estimated measurement

2n

g =S wryy

(i,{sjﬁl eS| }),k+l

= (1,{s§r+1 ,...,Sf}),kﬂ

,7=0,...

k+1

T
}’(i,{s_;+1 oS et :|

(162)

(163)

(164)

(165)

(166)

* Note, this is based on a 2n + 1 sigma point distribution, and can easily be modified to

incorporate a 2n sigma point case, such as in the AEGIS filter
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An interesting property of Equation 156 is that so long as two sets {s},...,slr} utilize the exact

same sensor, the particular order in which the updated posteriors (or the items in Equation 156)
occur is irrelevant. This means that for some given set of predetermined sensors, the order in
which the gain in SIG is calculated to determine the value for Equation 156 will not alter the
final value, and can be proven from'’

A g A

A p 5
M=y M+lIOgM+ ..+ —log | (it oo i |
ikt 2 | Pf | 2 | Pf | 2 | P |
(lf{slr }),k+1 (1,{55 SF }),k+l ikl (1 67)
A 13* IA) A
= llog ‘ Pifk+1 | (i,{sf}),kﬂ | . | (i’{squ ..... sf}),kﬂ | _ llo |P]~t:k+l |
2 | P(i,{slr}),k.H ] P(i,{sg,slf}),kﬂ | | Pi,k+1 | 2 | Pi,k+1 |

Given these properties, an optimal tasking decision process is chosen so that with an initial input
reflecting the SIG present in each possible object sensor pair, the visibility matrix is calculated

such that the elements 4, ;,,, = Al .., V[i,j]e [O§+1,Sik+1]. This decision process selects the

binary variables &, that maximizes the total instantaneous SIG across all objects observed
NS
AIE?IT = ZAIi,k-H (168)
i=1

while maintaining the constraints presented in Equation 106.

The solution to Equation 168 represents the solution to a dynamic programming problem,
due to the fact that after the selection of a sensor to observe a particular object, the SIG for that
object based on the remaining sensors (should more than one sensor be available to this object)
will need to be recalculated due to the change in the PDF resulting from that observation. This
fact, coupled with the memoryless properties of the individual SIGs (i.e. the calculation of the
SIG only depends on the current PDF in the sequence and not previous ones) define the
calculation of total SIG in Equation 166 to be a Markov chain. While many dynamic
programming problems require difficult and computationally expensive solutions processes, the
fact that the total SIG calculated for an object is a Markov chain, it can be shown that the
solution to this optimization problem is very straightforward.

To illustrate this optimal process, a brief example is illustrated. First, assume that there exist
M = 1 sensors to observe N = 4 objects, A — D, such that the visibility matrix for this case
would be

Hk+1:[AI(A,1),k+1 AI(B,l),k+1 AI(c,1),1<+1 AI(D,I),k+1:| (169)

*

17 : D* a
Understanding that P(i,{s{,[r,..,sf}),k = Pi’k+1
+

61
Approved for public release; distribution is unlimited.



where for this example, AI( Adprt > Al > Al > Al

1),k+1

(D)kH Obviously, given that only

(B,1).k+1

(C1).k+1
one decision exists (due to the one object per sensor constraint) the optimal decision is that

Sj\,k+1 = {1} and S]TB,k+] = S:j,k+l = STD,k+1 = {0}

Adding an additional degree of complexity, assume another sensor is added to the previous
example, such that now M = 2. Assume that the SIG for each object-sensor pair in Equation 169
remains unchanged, but now an additional row for the Shannon information based on
observations by the second sensor is added, such that the visibility matrix is now

Al Al Al Al
Al Al Al Al

(A1)k+1 (B.1).k+1 (C1).k+1 (D,1),k+1

Hen = (170)
(A2)k+1 (B2)k+

(C.2)k+1 (D,2),k+1

Due to the increased dimensionality of this new visibility matrix, the complexity will
increase in determining the correct sensor decisions to maximize Equation 168. Assume that

Al > Al and focus on object A, from Equations 156 and 167, it follows that the

(A1)k+1 (A2,1)k+1 2

maximum possible SIG obtainable for object A is

AIA,k+1 = AI(AJ),kH + AI(A,{2,1}),k+1 = AI(A,2),k+1 + AI(A,{I,Z}),kH (171)
From Equation 171 and the given property that AI( Akt > AI( A2 2 then
Al > Al (172)

Additionally, the work of Aughenbaugh et al.[13] illustrates that the individual SIGs in
Equation 157 are equal to the Kullback-Lieber divergence between the prior and posterior
distributions. The Kullback-Leiber divergence, which represents the mutual information between
the state before and after a particular observation occurs, was derived by Hershey et al. [66] for
Gaussian posterior and prior distributions as (modifying the original equation to incorporate a
forecast step prior and update step posterior defined in the nomenclature of these studies)

*

gz Y D gz . p* _
Dy, (p (Xi,k+19Xi,k+l’Pi,k+l)’p (Xi,k+l7Xi,k+19Pi,k+l)) =

%log: 111: :+ 5 trace|:{1)lfk }_] 13ifk+ljl+%|:x1k+l X1fk+1j| {Islfk }_] |:>A(1k+l X1fk+lj| 121

(173)

Aughenbaugh applied this calculation of the Kullback-Leibler divergence to a Kalman filter
algorithm, where the posterior covariance is independent of the measurement y, ., to find that

in this particular case

A A

pr
Dy (pg (ii,kH;Xi,kH’ P )’pg (ii,kJrl;)A(i,kH’ IA)iTkJrl )) ; log : Pl = : (174)
i,k+1

Therefore, the SIG calculated in these studies is in fact equivalent to the mutual information

62
Approved for public release; distribution is unlimited.



between a prior and posterior distribution, AL, = I(X’i’kﬂ;?i,kﬂ) '® [64]. This fact, coupled with

the definition of the total SIG calculation in Equation 156 being a Markov chain can be used

within the data processing inequality to show that I(im;y(i {5 k+lj < I()Zi,kﬂ;y(i ) k+1) vi>1

[15].
Using the nomenclature of the current example, this implies that
AI(A,1),k+1 > AI(A,{l,2}),k+1 (175)
AI(A,2),k+1 > AI(A,{Z,I}),k+1

This inequality could easily be expanded to more than 2 sensors with the same results,
translating to a general form of

Al e 2 AL ,for j=s;, and2 <M’ (176)

(i.j)

(i,{sfw eS| }),k+1

which would be valid for any set of sensors S, , < S*

(1 S50, where j=s; . In a general description,

Equation 176 states that the SIG between an object i and sensor j is always greater than or equal
to the SIG between object 1 and sensor j conditional on observations from any additional sensors.

However, this inequality can be expanded due to the fact that AI( Adpkrt AI( A2k implying that
if
AI(ivJ'max)J(‘*'l > AI(i,j),k+l’ VJ * jmax (177)
then
Al > Al ,2<M' (178)

(i Jonax K1

(i,{sf\,, AAAAAA sf }),k+1

and is valid for all SikH c St In Equation 178, jmax represents the sensor j associated with the

= ~ik+l "

highest single-sensor SIG for some object i, such that

= max AL 5 (179)

jmax
The inequality presented in Equations 177 - 178 can also be expanded to the current sensor
tasking example, when taking into account the SIG present in each object-sensor pair in z,, .

That is, using the same analysis methods applied previously, it can be shown that if

AI(imax,jmax),kJrl > AI(i,j),k+1 > v [1’ -]] # [imax > jmax] (1 80)

then

Al > AL ,2<M' (181)

(i - ) K+

18 - . . ., . .
I(Xi w2\ could represent a mutual information, or a conditional mutual information based on

how many sensors have already been tasked to observe object i1 in a particular instant of time.
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for all S, ., =S},,, and all O;,, € O,,. In Equation 181, [imax; jmax] represents the object-sensor

pair associated with the highest single-sensor SIG, such that iy, and jmax are calculated from
[imax > jmax ] = IT}EJlX AI(i,j),k-H (1 82)

The inequality presented in Equations 180 - 181 is fundamental in the solution to the

dynamic programming problem that finds the set of objects Oy, and sensors observing those

objects S, (and therefore finding the elements S ) which maximize Equation 168. This is

i,j)k+1
because Equations 180 - 181 state that as long as at each tasking decision the object-sensor pair
corresponding to the highest value of SIG available for all feasible object-sensor pairs is
selected, then no other sequence of tasking decisions will produce a greater value of Equation
168.

Therefore, in the current example, if Al , is the entry in g, with the greatest

ket = Hanka
magnitude, then first tasking decision should be that sensor 1 observes object A, making
é‘( Akl = 1. Since after this point the estimation state (in this case the covariance) of object A

will be altered, the next step would be to recalculate Hiaz) Al so it reflects the

bl — (A1) ke
current updated SIG present in the object A - sensor 2 pair. Furthermore, since sensor 1 would no

longer be available to make any observations, setting Fianin = Bonyia = 0 would ensure that

no other decisions could be made to select sensor 1 for another observation. Implementing these
changes, for the next decision sequence the visibility matrix would be changed to

0 0 0 0
M = l:AI(A,{Z,l}),kH AI(B,Z),kH AI(C,Z),kH AI(D,Z),k+1:| (183)
which has the easy decision of selecting the object with the highest SIG (the same as in the first
example), whichever object that may be. Assuming that
AI(B,z),k+1 > AI(C,2),k+1 > AI(D,1),k+1 > AI( A2 the next decision would be to have sensor 2 observe

object B, which would result in a decision matrix of

1000 o
§k+1_0100 ( )

T

In this example, the set of objects to be observed would be Of,, ={A,B} and the sets of sensors
observing each object would be Sj ,,, ={1},S;,,, ={2},and S, ,, > S}, ={0}. Therefore, the

optimal decision process illustrated in the above examples can be expended to a case with Mg
sensors and Nj objects, to be embedded within a Kalman filter algorithm after the forecast step
and before the update step. This decision process would simply initiate &,,, =0y, and given

., would
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e Identify the object-sensor pair [imax; jmax] With largest Hi o

=1

Jk+1

=0 Vi

Jk+1

e Set §(i

max >Jmax )

e Set K

max )

o If y ., # Ox o, recalculate AI( 1 Vi# Jua and repeat above steps, otherwise

e {JoJimax... )

the decision process is complete

3.3.3.1 Calculating SIG for an EKF

The process for calculating the SIG is very straightforward for an EKF. Given a forecast

estimate P/, an update covariance estimate for object i and sensor j is calculated using

Equation 153. These estimates are used in Equation 152 to calculate the initial SIG for the object
1 sensor j pair. Should object 1 be tasked for observation by sensor j and its SIG need to be
recalculated as part of the decision process, the new SIG for object i and a new sensor j (where

the original sensor to task object i is represented by j=s;) is calculated from

Al B 1 1 |P(i,s(),k+1 | 18
(rsiflen = 2 0% | (183)
(i,{ it }),k+1

where 13(* is calculated using Equation 158.

1,{j’,sf }),k+l

3.3.3.2 Calculating SIG for a UKF

The process for calculating the SIG for a UKF is very similar to that of an EKF. Given a

. ~ f
forecast estimate P

an update covariance estimate for object i and sensor j is calculated using
Equation 153. These estimates are used in Equation 152 to calculate the initial SIG for the object
1 sensor j pair. Should object i be tasked for observation by sensor j and its SIG need to be

recalculated as part of the decision process, the new SIG for object i and a new sensor j (where
the original sensor to task object i is represented by j=s/) is calculated from Equation 185

where IA)(T y is calculated using Equation 158.

fisif)x

3.3.3.3 Calculating SIG for the AEGIS filter

The process for calculating the SIG for an AEGIS filter is similar to the FIG, in that it is an
approximation, since no closed loop solution exists. Given that there is no way to take a
measurement before tasking decisions have been made, any tasking utility metric cannot be
based upon knowledge of a measurement, and therefore calculating SIG cannot be done for a
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GMM using the methods presented in this section. However, like the FIG, if during the tasking
process, the multi-component GMM is reduced to a single Gaussian PDF (with one state and
covariance estimate), a traditional UKF calculation method is implemented to gain an
approximation for the SIG.

Given state ()A(fj’kgmm) and covariance (f’f{fmm) estimates calculated using Equations 77 - 78

f,gmm

sigma points are distributed using Equation 139 to obtain y;;*™ . These sigma points are

propagated through the nonlinear dynamics, and forecast estimates are obtained using Equations
53 and 55. Additionally, Equations 141 - 143 are used to gain the cross covariance, measurement
sigma points, and estimated measurement, while the innovation covariance is calculated from
Equation 155. These are applied to Equations 153 - 154 to obtain the Kalman gain and

covariance updates, which are inputted into Equation 152 (using the approximation f’fﬁ:’m ~ 135“1

) to gain the SIG for object 1 and sensor j.
Should object 1 be tasked for observation by sensor j and its SIG need to be recalculated as
part of the decision process, the new SIG for object i and a new sensor j° (where the original

sensor to task object i is represented by j=s,) is calculated from Equation 185 where f’(’: {7l

is calculated using Equation 158. The application of Equation 158 for an AEGIS filter uses the

same equations as for application with a UKF, except the number of sigma points are changed
from 2n + 1 to 2n, and sigma point weights are calculated using Equation 87.

3.3.4 Lyapunov Exponent Metrics

While metrics involving information theory give insights concerning the reduction of
uncertainty within a particular measurement of an object, their single-step myopic application in
these studies may result in little to no observations of objects having low values of FIG or SIG
with respect other observable objects. This could lead to a particular object not being observed
for long periods of time, possibly leading to divergence in its uncertainty to the extent of the
object becoming unable to monitor. Given that divergence is inherently tied into stability for
dynamic systems, it follows that some method of assessing the stability of the estimation error
and/or uncertainty may also provide a valuable tasking metric to examine. In modern nonlinear
control theory, as well as data analysis, the concept of assessing the stability of a dynamic system
has been thoroughly studied through methods of Lyapunov stability analysis, including
Lyapunov’s direct method [67]. For time-series of data, these methods include an approach
called largest Lyapunov exponent estimation [10] (LLE), commonly performed in applications
containing collections of stochastic data.

The motivation to consider a tasking metric based on Lyapunov exponents is due to the non-
predictive nature of the myopic single time step FIG and SIG-based metrics. Lyapunov
exponents, while difficult to calculate in the absence of substantial data, could prove to be a

suitable metric for this purpose. Lyapunov exponents provide insight into the stability a
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dynamical system by calculating a series of exponents known as a Lyapunov spectrum which
reflects the extent of divergence between the trajectories of two or more neighboring points in
state space. More specifically, they are a measurement of exponential divergence of two possible
points propagated through state-space dynamics over an infinite time in which a Lyapunov
exponent exists for every state dimension in the system. Within the Lyapunov spectrum, the
largest Lyapunov exponent has the greatest magnitude, and in many cases when system
dynamics cannot be modeled analytically, the calculation of the largest exponent can serve as an
approximation to the spectrum.[10]

Mathematically, for two data points at some time t, x;; and X, having a distance

Hxl,t_XZ,tH:é‘t <<1, which when measured after some time At will have a distance

= 0., » @ Lyapunov exponent can be approximated with

S, =0e™ (186)
Therefore, for a value of 4 <0 the points are converging, if A >0 the points are diverging

(to varying extents, with A4 >1 representing exponentially fast divergence), and if 4 =« the data
is pure chaos (noise). Additionally, the sum of the Lyapunov exponents has the same property, in

HXI,HAt - XZ,HAt

that if their summation Z::l 2™ is greater than zero, the system is unstable.

Various methods exist in determining these Lyapunov exponents, including estimating the
entire spectrum based on a deterministic system model, or estimating only the largest exponent
based on a time series of data [37, 68, 69, 70]. Should system dynamics be modeled
deterministically, for example, via a state transition matrix like that in Equation 4, the spectrum
of exponents is calculated from time-steps k =0 — k = K’ by

(m) _ qiy L ( <m>)
A" = lim —n ‘LLK, (187)
where
(m) = (m) _ (1 fx (m)
Ly :(]!_[Oq)i,mkﬂj (gq)i,kkﬂ)ui (188)

)

represents a system of linear equations in the coefficients of ﬁfm , making L(i’;(), and eigenvalue.

Furthermore, the sum of these exponents is calculated to give an indication of the instability of
each of the orbits of the various simulated objects. This calculation is done, starting with the
initial estimates of each object and propagating Equations 2 and 5 forward to some terminal time
step K. This method of calculating the entire spectrum could be applied to the satellite equations
of motion to give an indication of which objects would be subject to the greatest state space
instability. However, while the stability of a satellites equations of motion may give an indication
of which satellites should be observed the most, it does not incorporate any relation to
estimation, and is therefore not considered for these studies.

However, if a deterministic model does not exist for the system (such as in a stochastic time
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series of data produced by a filter) Lyapunov exponents can be estimated by examining
exponential divergence in a time series of data. As time between updates (or observations) of an
object increase, its estimation error may also increase, if not diverge drastically should this time
be large. The extent of this divergence will be related to how the actual state and the estimated
state separate over time, as reflected by the propagation of the covariance estimate. Using both
an EKF and UKF, this propagation of covariance is based upon the modeling of the object
dynamics, such that if the dynamics dictates that two close initial states will diverge when
propagated through the equations of motion, the hyper volume of the covariance estimate should
diverge in kind. Since this hypervolume is related to the extent of uncertainty (or error) in the
state estimate, a diverging covariance could therefore be linked to a diverging estimation error,
and furthermore to the divergence of two points in the system (the true state and the estimated
state). Thus, estimating the Lyapunov exponents of the estimation error may help give an
indication as to which objects will have the greatest tendency towards these diverging estimation
errors.

An illustration of how these estimation errors may diverge over time in the absence of
observations (in this case, reflected by the relative distance between two objects with very close
initial conditions) for a low Earth orbit (LEO), medium Earth orbit (MEO) and geosynchronous
Earth orbit (GEO) orbit is seen in Figure 12. In this figure, it is observed that the two initially
close LEO orbits have the greatest final separation while the GEO orbits have the least,
indicating that when calculating Lyapunov exponents for each of these orbits, the size and shape
of the orbit should in part dictate the divergence of the estimation error. The larger displacements
for the LEO orbit also indicates that a small estimation error for a LEO object will turn into a
large error at a quicker rate than a GEO object, and therefore a LEO object should theoretically
be observed more frequently in a sensor schedule than a GEO object.
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Figure 12. Plots of the propagation of displacement between two initially close LEO, MEO and
GEO orbits.

While no deterministic system exists for the calculation of the Lyapunov spectrum, the work
of Wolf et al. [37] provided a convenient framework for calculating this largest Lyapunov
exponent from experimental data, through a fixed evolution time program for A'

1 t, /At '
An =——— D log, = (189)
o L — o o Di,k’
where the term D;,, refers to the distance (in a Euclidean sense) between a point on a reference

trajectory (a trajectory in state space to measure divergence with respect to) and its closest data
point at time t,=k'At , while D;

s 1s the propagation of that distance to the time

te,, = (k'+1)At. In this formulation, the closest data point must be determined at each time step.

Equation 189 is reformulated for these studies to account for the constant time increments of At
when measurements are possible (but not necessarily taken), and objects are indexed by the
subscript 1. Additionally, for these studies, t reflects the initial time of the simulation, which will

always be defined by t,=0.

Using this as a benchmark, Rauf et al. [38] determined how an effective Lyapunov exponent
A could be determined from a nonlinear adaptive filter utilizing the root mean square (RMS)

error determined from the filters estimates. This process essentially modifies Equation 186 such
and &, are given from the RMS error EXY® and Ej™
between some initial time to and final time tf , for the purpose of calculating an estimate to
A x A,

For these studies, this approach of using the RMS error as the distance measurements to

that the distance measurements o,

estimate the largest Lyapunov exponent is applied to Equation 189 such that D}, = EIRIEAS and

Di,., = Eflfﬂsl This suggested process could be viewed as applying Equation 189 to a single-
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point data set to yield a very basic estimate for the largest Lyapunov exponent

RMS RMS
R 1 1, /Al E / 1 E
LS E: ik'+l i,k+1
i,k+1 _t 10g2 RMS _t logz RMS (190)
k+1 K ik’ k+1 i,0

Furthermore, since the filters used in these problems provide covariance estimates at the

time when tasking occurs (the prediction step) f’fkﬂ, an estimate for the RMS error of a

particular objects state estimate at a particular time step k + 1 can be calculated from

EfN = trace(f’fm) , and from an initial time step k = 0 by E*® = trace(f’ifo) . Through

application of these calculations for the estimated RMS error, Equation 190 becomes
Df
N 1 trace (Pi’k+1 )
et = log,
’ t Ak
K+l \/trace(Pi,O)
Of particular note in regards to Equation 191 is that it represents a way to determine the

estimation error stability of a particular object in the proposed tracking problem, which was
motivated by concepts of Lyapunov exponent estimation. However, due to the fact that it is

(191)

merely an approximation, and that Lyapunov exponents are typically calculated using very large
data sets (and this method is only using the time history of one data point), these methods should
be viewed as providing a useful utility metric for tasking rather than a competitive method for
accurately determining a largest Lyapunov exponent.

An additional convenience in using Equation 191 is that is can be positive or negative,
depending on how the uncertainty has increased or decreased over the entire simulation. This

A

. . . . . 1
allows for objects with consistent covariance estimates to have near zero-mean values for 4, ,,,

and objects whose covariances are decreasing to have negative values of A',,,. However, due to

the diverging nature of the propagation of the covariance estimate in the prediction step for both

an EKF and UKF, it follows that unobserved objects will have increasing values of /ii‘,kﬂ . Also,
if the value of /{i{kﬂ remains high for a particular object which is sparsely available for

observations, it simply makes that object a priority, in that its value for /filjkﬂ is so high with

respect to others that it may be viewed at every opportunity to take a measurement, with those
opportunities occurring rarely. This concept will be highlighted later in Section 4.

Thus, given a motivation for each sensor to observe the object whose history trends strongest
towards divergence, it follows that when using an LLE-based method of tasking, the elements of
the visibility matrix can be evaluated as

Hiijxn = /1il,k+1 v [i: J] = I:Oi-v-l ’Sia,k+1:| (192)
Additionally, the decision process can be very simply represented as each sensor observes the

object with the highest largest Lyapunov exponent estimate, given all the available objects to that

sensor.
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Li=max g, s M gy # 0
Sfij)ket ={ S v (193)

0 otherwise

3.3.4.1. Calculating the LLE for an EKF

Evaluating the LLE for an EKF consists of merely using the initial covariance estimate for
object 1 13:0 (which is equal for all objects in all simulations, as described in Section 4), and the

forecast covariance estimate evaluated using Equation 40 as inputs in Equation 191. It should be
noted that the LLE is based only on the object, and has no dependence on the sensor(s) which are
available to that object.

3.3.4.2 Calculating the LLE for a UKF

Evaluating the LLE for an EKF consists of merely using the initial covariance estimate for
object 1 13:0 (which is equal for all objects in all simulations, as described in Section 4), and the

forecast covariance estimate evaluated using Equation 53 as inputs in Equation 191. It should be
noted that the LLE is based only on the object, and has no dependence on the sensor(s) which are
available to that object.

3.3.4.3 Calculating the LLE for an AEGIS Filter

Evaluating the LLE for an EKF consists of merely using the initial covariance estimate for
object i 1310 (which is equal for all objects in all simulations, as described in Chapter 4), and the
forecast covariance estimate evaluated using Equation 78 (replacing the superscript * with f,
serving as an approximation f’flﬁ?‘“ ~ lsifkﬂ ) as inputs in Equation 191. It should be noted that the

LLE is based only on the object, and has no dependence on the sensor(s) which are available to
that object.
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4.0 RESULTS AND DISCUSSION

4.1 Initialization

Using the nonlinear dynamics and measurement functions outlined in Equations 2 and 15, the
necessary inputs to execute the estimation and tasking outlined in Section 3 are presented. Two
types of simulations will be executed. The first will be a simulation in which initial state estimate
errors, covariance estimates, and sensor noise reflect values similar to what can be expected for
the tracking of space objects, and is referred to as the low-error test case [29]. The second
simulation, referred to as the high-error test case, will have slightly higher initial position errors
and sensor noise, to determine if coupling effects are predominate as filters are stressed.

The initial estimates for each objects state and covariance are provided, given by

“e L .
Xio =X +AX] (194)
where AX, represents a value generated from a zero-mean Gaussian distribution of covariance

i,0°

f’;o and PDF defined as p* (i ;0. 151*0) . Additionally, the initial covariance is defined by

(6n) 0 0 0
2
0o (s
P, = SO i ’ (195)
0 0 (&%) 0
0 0 0 (%)

Initial conditions for the states of the sensors as well as their field of regard constraints are
found in Table 2. The state trajectories resulting from these initial conditions are generated using
a 7™ - 8" order Runga-Kutta numerical integration algorithm. Possible sensor measurements are
then generated when objects are in the field of regard of a sensor via the measurement
Equation15 applied to these trajectories.

Four ground-based sensors are chosen so that their respective field of regard covers the
majority of space around low Earth orbit (LEO), with that area dissipating as objects get closer to
geosynchronous Earth orbit (GEO). To simulate this, each of these four sensors can view objects
in LEO, two can view objects in medium Earth orbit (MEO) and one can view objects in GEO.
This was done so that the sensor-object dynamics would have some diversity, encompassing
many orbits, and varying opportunities for observation, as well as periods where no observations
were possible. Additionally, a single orbiting sensor is introduced to allow for multiple sensors to
view a single object, as well as cover a large orbit regime (i.e. the orbiting sensor has the
possibility to make observations in LEO, MEO, or GEO, but not all three at one time). A table
containing sensor range and half-angle constraints are presented in Table 3.
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Table 2. SSA Sensor Initial States (note j = 1 represents orbiting sensor)
Sensor (j) X%, (km) ¥, (km) X%, (km/sec) | ¥, (km/sec)
1 3.9138 x 10° 6.8712 x 10 -8.2702 4.0600
2 41925 x 10° 47972 x 10° -0.3498 0.3057
3 -3.5957 x 10° 52594 x 10° -0.3835 -0.2622
4 5.7576 x 10° -2.7277 x 10° 0.1989 0.4198
5 -4.9047 x 10 -4.0662 x 10 0.2965 -0.3577

Table 3. SSA Sensor Constraints (note j = 1 represents orbiting sensor)

Sensor (j) A; (km) ¥; (deg)
1 10* 180.0
2 4.4157 x 10°* 10.0
3 2.5371 x 10° 20.0
4 8.871 x 10° 50.0
5 3.0x 10" 15.0

Furthermore, the constant additive zero-mean Gaussian process noise and its associated

covariance are given by
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Table 4. Constants in SSA Simulation
Constant Value
LE 3.986 x 10° (km®/sec’)

og  |7.2921 x 107 (rad/sec)

Wy 10° (km/sec?)

Wy 10° (km/sec?)

te 172,328 (sec)
te /At 500

All other constants not specific to either the low-error or high-error simulations are given in
Table 4. Constants for the simulation time and number of time steps are chosen so that objects
can experience a range of estimate qualities based on an object’s number of observations, and
time gaps between possible observations. The purpose of this is to highlight penalties/benefits of
tasking decisions. As stated previously, the primary objective of these studies is to investigate the
coupling between tasking and estimation using satellite tracking as an example, and not to
exactly model the real-world process of monitoring space objects (such as in space situational
awareness, SSA). Therefore, these constants were chosen so they could best aid in this
investigation.

4.2 Post-Simulation Performance Metrics

Once a simulation is completed, various performance metrics are calculated to give a quantitative
measure of how well each estimator-tasking combination tracked all Ny objects throughout the
duration of the simulation. These performance metrics should be chosen so that insights can be
gained not only on how well the state estimates performed with respect to the true state X, but
also how well the covariance estimates reflected the error between the estimated and true state.
Performance metrics should also highlight how estimation errors were distributed (for example,
were there many objects with low errors and only a few with high, or were the errors evenly
distributed) allowing for a more in-depth assessment of performance.

Candidates for scalar performance metrics (to give a top-level snapshot of performance)
include one to measure the overall estimation accuracy of the simulation, which is the average

position error over all objects for the simulation time span
1 N, t;/At

<Er>:m;§Ar‘k (198)

where

Ar, = \/(Xi,k - ﬁ?,k)z + (Yi,k - }A’ik)z (199)
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Additionally, the average position error for each object can be calculated by

t /At AL .
i,

)= 2 (0 a

k=0

(200)

Another scalar performance metric is also calculated in order to estimate difficulty with data
association, which is average estimated error ellipse area

<Ae“> - mitft”\/ é;il,k Ai?k (201)

i=] k=0
where gc il,k and f fk represent the eigenvalues of the upper left 2x2 matrix of the covariance

estimate (or the covariance of the position estimates). Assuming that these eigenvalues represent
an estimated semi major and semi minor axis of a Gaussian error ellipse, the metric given in
Equation 201 will give an indication of difficulty in data association due to the fact that as
estimated errors increase, the area of uncertainty surrounding a particular state estimate will
grow, making pinpointing an object’s exact location, as well as possibly differentiating it
amongst other neighboring satellites more difficult.

Graphical performance metrics were also calculated to give a visual representation of how
each estimator/tasking combination performed. The first of which is simply a histogram showing
the percentage of position errors falling within error bounds of Ar, <1, I<Ar, <5,

5<Ar, <10, upto Ar, >1000 where all units are in kilometers.

Also, histograms are created which give an indication on how well the estimated position
errors, provided by the filters were performing with respect to the true position errors,

Jf) = Ari’k

i,k s 5 y >
(63) +(6%)

This metric is calculated for each object at each simulation time step, and plotted as a

(202)

histogram binning them in 0.2 increments from 0 to 3, where each increment represents a

. . . . o, . . . AT A X 2 ~ 2 . .
multiplicative factor of the estimated position standard deviation o7, = \/ (O‘i’k) + (O'fk) . This is

done to show how close the actual position error is to the estimated position standard deviation

~ ~ 2 ~ 2 . . .
(o{k = \/ ( Uf‘k) + (o;yk) j derived from the covariance estimate'.

The true state at each time step, X;, is calculated before running the simulation by

numerically integrating Equation 2 over the time span t e [0, tf] using a variable step 7" - 8"

1 A value of J*. =1 would represent a position error reflecting exactly one estimated position
ik p p g y p

standard deviation
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order Runga-Kutta algorithm. These metrics were not used in the simulation (except for data
association, which was removed as a variable in these studies as described in Section 3), but
were simply used to quantify the performance of the respective filtering algorithms.

4.3 Low-Error Simulation

As described in Section 3, 100 objects are distributed with semi major axes and eccentricities
shown in Figure 13. Even though 100 objects were originally created, only 94 of these objects
made passes within at least one sensor’s field of regard during the simulation time span. Since
there is no purpose in evaluating performance of objects which could never have been physically
observed by any sensors, all simulation performance is calculated with respect to the Ny = 94
objects which had the possibility for observation.

0.7 T T T
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Figure 13. Distribution of semimajor axes and eccentricities of 100 objects in low-error
simulation

Initial object state standard deviations (used in both selecting the initial state estimates, and
defining the initial covariance estimate) for the low-error test case are given in Table 5,
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Table 5. Initial Standard Deviations: Low-Error Simulation

Standard Deviation Value (for all 1)
= I (km)
o I (km)
aifo 1 x 107 (km/sec)
0-50 1x 10~ (km/sec)

Sensor noise for these low-error simulations are chosen to reflect values close to the ideal range

and angle variances used in satellite tracking applications [29] with (vjp )2 =0.5km’ and

(VV’)2 =0.1deg’ Vvj.
J

Using these inputs and the performance metrics outlined in Section 4.2, simulations for 94
satellites, four ground based sensors and one space based sensor are conducted by implementing
FIG, SIG, and LLE-based tasking utilizing EKF, UKF, and AEGIS estimators. However, as an
initial comparison, performance metrics outlined in Section 4.2 are presented for an ideal
tracking scenario in which sensors can measure all objects in the field of regard at each time step.
This ideal scenario, referred to henceforth as the all data case, represents an estimate for the
lower bound on the performance of any case where the number of simultaneous measurements is
limited. In the following sections, performance is evaluated for the ideal all data case, followed
by a further investigation into the FIG, SIG, and LLE-based tasking strategies.

4.3.1 All Data Tasking

Histograms showing percentage of position errors falling within the bins described in earlier
in this section for the all data simulation is presented in Figure 14. Another histogram showing
the percentage of position errors falling within specified multiplicative factors of the estimated
position standard deviation are found in Figure 15. Additionally, tabulated results showing the
scalar performance metrics outlined in Equations 198 and 201 are presented in Table 6.

Table 6. Simulation Performance Metrics for All Data Low-Error Simulation
* NS 2

Filter | (Er) Gem)| A7) (an?)

EKF 5.512 3.630 x 107

UKF 5.515 2.773 x 10°
AEGIS | 4.632 2.570 x 10°
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Figure 14. EKF, UKF, and AEGIS histograms of position estimate error distributions for all data
simulation. Plots include data from all objects at all simulation time steps.

From observing Figures 14 - 15 as well as Table 6, the AEGIS filter has the best performance
in the all data simulation, followed by the UKF and EKF. The AEGIS performs the best due to
the fact that it had the lowest average position error (resulting from the greatest percentage of
position estimates within 1 km), as well as the lowest average estimated error ellipse area. Figure
15 also shows that while the AEGIS filter provides the lowest average estimated error ellipse
area, it does so at the cost of occasionally having overconfident uncertainty estimates (as shown

by having the greatest percentage of position errors Ar,, > &7, ). An overconfident uncertainty
estimate implies that the estimated uncertainty (or standard deviation) derived from the
covariance estimate may be too low with respect to the actual error of the state estimate.
However, since the AEGIS filter produced more position errors within 0.86;, <Ar,, <1.267,
than the EKF or UKEF, it also produced the most accurate estimates. Using similar logic, it is easy
to see that the EKF and UKF filters provide a large amount of position errors Ar,, <0.857,,

implying that just as the AEGIS filter may have the tendency to be overconfident, the EKF and
UKF may be under confident (i.e. producing uncertainty estimates that are too high compared to
the actual estimate error).
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Figure 15. EKF, UKF, and AEGIS histograms of JIP . metric in Equation 202 for all data

simulation. Plots include data from all objects at all simulation time steps

While Table 6 shows the UKF and EKF have similar performance with respect to their
average position errors, the UKF provides these estimates with a lower average position error
ellipse than the EKF. The significance is in the propagation and updating of the covariance
estimates, where it is shown here that the UKF can provide similar state estimate quality to the
EKEF but to less of a degree of uncertainty. Furthermore, the AEGIS filter provides an even lower
degree of uncertainty in its estimates. To investigate why the UKF and AEGIS filter provide
better uncertainty estimates than the EKF, Figure 16 shows the propagation of the average
estimated error ellipse area in Equation 201 for the object with the worst average position error.
This figure illustrates an important fact that despite having identical measurement data at
identical times, the UKF, and furthermore the AEGIS filter provide not only better propagation
of uncertainty (illustrated from the time span 0 - 110,000 sec), but also updates in uncertainty
(highlighted from the time span 110,000 - 130,000 sec). These reflect advantages the UKF filter
has in the nonlinear estimation of uncertainty over the EKF, but also in the AEGIS filter’s
advantage in updating uncertainty estimates using a GMM over the Gaussian uncertainty of the
UKF. Advantages such as these in the propagating and updating of uncertainty and/or state
estimates (though uncertainty will have more sway over the performance when coupled with
tasking, since all tasking metrics are covariance-based) will play a critical role in the
performance advantages these filters will gain when coupled with a covariance-based tasking
strategy.
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Figure 16. EKF, UKF, and AEGIS plots of A’ =7,/¢! {7 metric for the object with the

highest average position error in the all data simulation.

To investigate how each individual object performed in the all data simulation, Figure 17
shows the average position error for each simulated object, while Figure 18 shows how many
updates each of these objects received. Figure 18 illustrates the diversity in the number of
updates each object received, which Figure 17 shows is strongly correlated to the average
position error an object would obtain throughout the simulation. Even in this ideal case where
sensors can observe more than one object at a time, some objects are sparsely available for
observation (e.g. objects 18, 38, 58, and 75), while other objects have several (most notably
object 57, which is observable by at least one sensor at every simulation time step). For all
objects, the AEGIS filter had the greatest tendency to provide the best average position errors as

opposed to the EKF or UKF, which both had a series of objects with the worst errors.
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Figure 17. Bar graphs showing the log;o average position error for each object given in Equation

200, through implementation of an EKF, UKF, and AEGIS filter in conjunction with all data
tasking strategy. In this case, all filters have equal amounts of updates for each object, reflecting
the maximum updates possible for all objects.
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Figure 18. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with all data tasking strategy. In this case, all filters
have equal amounts of updates for each object, reflecting the maximum updates possible for all
objects.

4.3.2 FIG Tasking

Table 7 shows the scalar performance metrics outlined in Equations 198 and 201 for the low-
error simulation using FIG tasking. In addition, figures showing the distribution of position

errors and how these errors compared to the estimated 367, provided by the filter covariance

estimates are presented in Figures 19 - 20. Results show that the EKF is especially affected by
this selection of tasking strategy, as opposed to the UKF or AEGIS filter. This is shown in the
very large average error metric in Table 7, along with a drastic increase of position estimate

errors (Ar,, ) greater than 25 km in Figure 19, as well as percentage of position estimate errors

greater than 367, in Figure 20. In the latter case, a position estimate error greater than 367,
implies that the actual position error is much greater than what the filter’s estimates are
indicating they should be. This is also reflected in the discrepancy of the values for <Ar>
between the EKF and the other filters in comparison to its much larger deviations in <Ef> This
is most evident when observing the 3 and 4™ columns in Table 7, where the errors accumulated
in the FIG simulation are normalized with respect to the errors those filters achieved in the all
data simulation. These results show that the EKF produced a position error over 100 times larger
using FIG tasking as opposed to the UKF and AEGIS filters which were marginally worse by
comparison. Also, the EKF produced an estimated error ellipse area only 5 times greater than in
the all data simulation, implying that the EKF has a greater tendency to underestimate the
possible error in its estimations than the UKF or AEGIS filter. The poor performance shown in

the EKF-FIG combination would lead to either severely inaccurate object uncertainty and/or
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location estimates, or an inability to continue to monitor those objects should these methods be
used in a real satellite tracking application.

As for the UKF-FIG combination, the performance was much better, and did not experience
the issues that were present in the implementation of the EKF. In particular, the UKF produced
very little position errors outside of the 36;, bounds as shown in Figure 20. This is the result of
the UKF being able to produce a Gaussian covariance which more accurately models the actual
uncertainty in an object’s estimates than the EKF, an effect which was highlighted in Figures 9 -
10.

The AEGIS filter produced the best performance using the FIG tasking, as reflected by
having the lowest scalar performance metrics in Table 7. Furthermore, Figure 19 shows that the
AEGIS filter provided a disproportionate amount of estimates within the tightest position error
bounds of Ar,, <1km, as it did in the all data simulation. When observing Figure 20, while the

AEGIS filter produced more position errors outside of the 367, bounds, these estimates were

few (roughly 1%). What is more important to realize in these results is that the AEGIS filter

produced the most position errors within 0.86;, < Ar,, <1.26;, , meaning that while it produced

slightly more position errors outside the 36, bounds than the UKF, it also generally produced

more accurate uncertainty estimates than the UKF or EKF.

Table 7. Simulation Performance Metrics for FIG Low-Error Simulation

Filter <E:> (km) <Aj> (kmz) <Er>Tasking <Ar>1‘askmg
< ! >A” Data <Ar >All Data
EKF 5.627 x 10° 1.806 x 10° 102,086 4.975
UKF 7.950 3.202 x 107 1.442 1.155
AEGIS 7.290 2.809 x 107 1.574 1.093
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Figure 19. EKF, UKF, and AEGIS histograms of position estimate error distributions for FIG

simulation. Plots include data from all obJects at all simulation time steps.
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Figure 20. EKF, UKF, and AEGIS histograms of J ik metric in Equation 202 for FIG simulation.

Plots include data from all objects at all simulation time steps.

To investigate why performance discrepancies existed in the implementation of EKF, UKF,
and AEGIS filters in conjunction with an FIG tasking strategy, Figures 21 - 22 show the amount
of updates each simulated object received along with their corresponding average position errors
in the FIG simulation.
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Figure 21. Bar graphs showing the log;o average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with an FIG
tasking strategy.
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Figure 22. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with an FIG tasking strategy. The FIG tasking
results in many updates to a select few objects, while many other objects receive little to none.
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As shown in Figure 22, when using FIG tasking, several objects received a
disproportionately large amount of updates (e.g. objects 10, 37, 92, etc.) with respect to many
others which received little to none (e.g. objects 11, 18, 27, etc.). The result is that many objects
accumulated large estimate errors due to these few updates, while those that had the most
observations resulted in much better average position estimate errors. In particular, the objects
which received little to no observations had errors which were much greater when using an EKF
as opposed to a UKF or AEGIS filter, which resulted in the vast performance discrepancies as
seen in Table 7, as well as Figures 19 - 20. This was in part due to the fact that, as illustrated in
the work of Teixeira et al.[28], less updates will result in longer propagation times for the

estimates which will negatively affect the EKF covariance estimates more than the UKF or
84
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AEGIS filter due to its linear covariance propagation. Furthermore, Figure 22 shows that for the
particular objects that received little updates, the UKF and AEGIS filters consistently had more
updates than the EKF (which sometimes had zero). These two factors contributed to several
objects having lower average position estimate errors when using a UKF or AEGIS filter as
opposed to an EKF. Similarly, the EKF always produced more observations for many objects
which had the lowest average position estimate errors (e.g. objects 10, 31, 37, etc.), which
generally resulted in those objects having comparable average position estimate errors using an
EKF with respect to a UKF or AEGIS filter (commonly, the EKF would produce lower errors
than the UKF in many of these cases). However, these few good objects for the EKF could not
compare to the numerous ones which performed poorly, resulting in the UKF and AEGIS filters
severely outperforming the EKF for the application of FIG tasking.

While the UKF and AEGIS filters provided better performance for many objects as opposed
to the EKF, discrepancies were still present between the two. Specifically, for a majority of
objects the AEGIS filter would produce average errors lower than the UKF, while also
dispensing observations differently than the UKF. For example, the AEGIS filter would
generally provide slightly more updates to objects which were either available for few
observations (e.g. objects 18, 58, 75), or objects which had several observations and generally
low errors (e.g. objects 5, 10, 37, etc.). In each of these cases the AEGIS filter produced equal or
better average position errors than the UKF. When coupled with the fact that the AEGIS filter
generally produced comparable (often better) average position errors for objects for which it
distributed less updates than the UKF, the result is a more efficient use of tasking decisions.

To investigate why there was such a performance discrepancy between the EKF and the
UKF/AEGIS filters when implementing the FIG metric, Figures 23 - 28 show when object 71
(the worst performing FIG object using either filter) was available for observation, tasked for
observation, as well as the time histories of its position estimate error using FIG, the position
error in the all data case, its maximum FIG utility metric (at times it was available for
observation), and the average FIG metric for objects tasked for observation. Figure 26 shows that
despite being available for observation several times during the simulation, using the EKF only
resulted in 5 observations while the UKF and AEGIS filter resulted in 12 and 13 observations
respectively. This increase in observations results in the position error for this object being much
better, and more stable for the UKF and AEGIS filters than the EKF, where it diverged to the
point where the filter failed to provide realistic estimates. If the EKF-FIG combination instead
resulted in the object being tasked for observation early in the simulation, as was the case with
the other filters, this divergence may have been avoided.
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Figure 23. Plot of the position error Ar,, and tasking decisions for object 71 using FIG tasking

strategy in conjunction with an EKF. Thick sections of line represent times when observations
were available between object 71 and one or more sensors.
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Figure 24. Plot of the position error Ar,, and tasking decisions for object 71 using FIG tasking

strategy in conjunction with a UKF. Thick sections of line represent times when observations
were available between object 71 and one or more sensors.

86
Approved for public release; distribution is unlimited.



T T T T T
10° -
—FIG Position Error
g O Object Observed
4
—;:—, 10 -=-All Data Position Error
e
w2
il
2
B -
&
10°Fr A
¥ '
1
1 0—2 i I 1 | | L 1 L .
0 2 4 51 8 10 12 14 16 18

Time (sec)

x10"
Figure 25. Plot of the position error Ar,, and tasking decisions for object 71 using FIG tasking

strategy in conjunction with an AEGIS filter. Thick sections of line represent times when
observations were available between object 71 and one or more sensors.
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Figure 26. Plot of the FIG utility metric and tasking decisions for object 71 using FIG tasking
strategy in conjunction with an EKF. Thick sections of line represent times when observations
were available between that object and one or more sensors.

When observing Figure 26, it is easy to see why this occurred. The EKF-based FIG metric
for object 71 consistently stayed below the average FIG metric for the objects tasked for
observation, meaning it was rarely put in a position to receive an observation. However, the UKF
and AEGIS-based FIG metrics for this object managed to have many more observations, due to
the fact that the FIG metric, while generally lower than the average, had several instances when
it was competitive with respect to the FIG metrics of objects available for observation. Of
additional note is that the EKF-based FIG value for object 71, as well as the average among all
objects had fairly homogeneous time histories, where for the UKF and AEGIS filter many more
spikes occurred. For object 71 these spikes first occurred through approximately the first two
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thirds of the simulation, and then diminished. This behavior matches that of the UKF and AEGIS
position error plot for object 71 in Figures 24 - 25, where errors would experience significant
growth at times between updates, until approximately two thirds of the way through the
simulation where they stabilized. However, this was not the case for the FIG metric when used
with an EKF, where the error and utility metric were completely uncorrelated. This phenomenon
can be easily explained by specifically calculating the FIG metric for an EKF. By applying
Equation 127 to Equation 126, the result is

M af s ~f s ]
ikl ~ Xjke Yika = Yika 0 0
Pk Pi.jyks
n(i,j),k+l - H(i,j),k+l - ~f s Af s (203)
Yika " Yika  Xikn ~Xjka
- 5 3 00
L Pligka Pk |

which if applied to Equation 136 results in a metric whose calculation depends only on the
objects prediction step estimate location with respect to the sensor location, and the sensor noise
covariance (which for the low-error simulations is constant for each sensor). Furthermore, when
evaluating the trace of the FIG matrix using an EKF, this will only contain information on
position, since the diagonal elements of the FIG matrix associated with velocity information will
always be zero. This illustrates a direct consequence the EKF linearizations (in this case, the
linearization of the nonlinear measurement function) have on the evaluation of the FIG metric,
and results in the poorly distributed EKF tasking decisions in Figures 22 and 23, as well as FIG
metric behavior seen in Figure 26. The only way to alleviate this consequence would be to
ensure that EKF measurement equations contain functions of all the state elements to avoid the

zero diagonal values in the FIG matrix calculation.
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Figure 27. Plot of the FIG utility metric and tasking decisions for object 71 using FIG tasking
strategy in conjunction with a UKF. Thick sections of line represent times when observations
were available between that object and one or more sensors.
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Figure 28. Plot of the FIG utility metric and tasking decisions for object 71 using FIG tasking
strategy in conjunction with an AEGIS filter. Thick sections of line represent times when

observations were available between that object and one or more sensors.

Additionally, the scale of the FIG utility metric values vary widely between the EKF and
other filters, another consequence of the zero-valued velocity information diagonals in the EKF-
FIG matrix. Since velocity variances for this simulation can be on the order of 107, it is easy to
see how information metrics (which roughly incorporate the inverse of these variances) could
produce large discrepancies between the values of FIG utility metrics for the EKF and
UKF/AEGIS filters as seen in Figures 26 - 28.

If similar steps are taken for a UKF or AEGIS filter, the value for 1, will not only have

j).k+1
non-zero diagonal elements of the FIG matrix, but they will also be functions of the distribution
of sigma points. In particular, both the distribution of the sigma points in the prediction step, and

their transformation into measurement space will factor into the calculation of M)

j)k+l1 and

therefore (|>(i ke This results in the FIG metric having a less homogeneous time-history for the

UKF and AEGIS filter than the EKF, adding more diversity to the elements in the visibility
matrix, which increases the chances for more evenly distributed tasking decisions and overall
better performance.

From observing Figures 27 - 28, the behavior is very similar, except at the beginning of the
simulation where the AEGIS filter provided much more updates, and towards the end of the
simulation when average FIG values for the AEGIS filter began to stabilize and produced less
updates than the UKF. Though object 71 ended on roughly the same estimated position error for
both the UKF and AEGIS filter, the average estimated position error over the entire simulation
was lower when using the AEGIS filter than the UKF, as shown in Figure 21. Figure 25 shows
that this better average estimated position error was probably due to the simulation time span
from approximately 40,000 - 110,000 seconds, where the AEGIS filter produced more updates
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early in the simulation, resulting in less divergence in estimation error during segments when no
updates occurred. This shows that while the UKF and AEGIS filter had approximately the same
amount of updates for this object, they occurred at different times in the simulation. The fact that
these occurred earlier in the simulation for the AEGIS filter, leading to less error (almost one
order of magnitude less) than the UKF for a significant portion of the simulation illustrates the
slight benefits of using the AEGIS filter to provide FIG tasking schedules over the UKF.

4.3.3 SIG Tasking

Table 8 shows the scalar performance metrics outlined in Equations 198 and 201 for the low-
error simulation using SIG tasking. In addition, figures showing the distribution of position

errors and how these errors compared to the estimated 36;, provided by the filter covariance
estimates are presented in Figures 29 - 30. Results show that each filter obtains better
performance than in the implementation of the FIG tasking strategy, particularly the EKF. Unlike
in the FIG simulation, the SIG tasking strategy does not have the disproportionately bad
performance for the EKF, as shown in the comparable average error metric (with respect to the

UKF and AEGIS filter) in Table 7, along with a position estimate errors (Ariqk) greater than 25
km in Figure 29, and percentage of position estimate errors greater than 367, in Figure 30.

While the EKF still produced the most position errors outside the 36, bounds in Figure 30

(only slightly higher than the AEGIS filter), it also produced estimated position errors in a
distribution very similar (only slightly worse) to the UKF.
For the UKF-SIG combination, the UKF produced very little position errors outside of the

36;, bounds as shown in Figure 30, and managed to obtain better position errors as shown by
Table 8 and Figure 29 than in the FIG simulation.

The AEGIS filter once again produced the best performance using the SIG tasking, as
reflected by having the lowest scalar performance metrics in Table 8. Furthermore, Figure 19
shows that the AEGIS filter provided a disproportionate amount of estimates within the tightest
position error bounds of Ar, <1 km, as it did in the all data and FIG simulations. When

observing Figure 20, while the AEGIS filter produced more position errors outside of the 357,

bounds than the UKF, these estimates were few (less than 1%). What is more important is that

the AEGIS filter produced the most position errors within 0.86;, < Ar,, <1.26;, , meaning that

while it produced slightly more position errors outside the 367, bounds than the UKF, it also

generally produced more accurate uncertainty estimates than the UKF or EKF.

Regarding overall performance, the SIG tasking produced better estimates for all filters than
in the FIG simulation, with the reduction in scalar performance metrics in Table 8, and increase
in position errors within Ar,, <1 km for all filters.
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To investigate why performance discrepancies existed in the implementation of EKF, UKF,
and AEGIS filters in conjunction with an SIG tasking strategy, Figures 31 - 32 show the amount
of updates each simulated object received along with their corresponding average position errors
in the SIG simulation.

Table 8. Simulation Performance Metrics for SIG Low-Error Simulation
Fﬂter <E:> (km) <A?> (kmz) <Er >Tasking <Ar >Tasking

r
All Data "'/ All Data

EKF 7.361 3.938 x 10° 1.335 1.085

UKF 7.206 3.057 x 10° 1.307 1.102

AEGIS 5.789 2.744 x 10° 1.250 1.068
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Figure 29. EKF, UKF, and AEGIS histograms of position estimate error distributions for SIG
simulation. Plots include data from all objects at all simulation time steps.

As shown in Figure 32, when using SIG tasking there was a more even distribution of
observations as opposed to the FIG simulation, with the AEGIS filter heavily favoring certain
objects for observation (most notably objects 21, 34, 35 and 39), and the UKF and EKF
providing a slightly more even distribution of updates (except for objects 49 and 57). The result
is that fewer objects accumulated large estimate errors than what was experienced using FIG
tasking, and in particular many objects that received little to no observations in the FIG
simulation received several observations in the SIG simulation. This had a drastic effect on the
performance of the EKF relative to the UKF and AEGIS filter in the SIG simulation as compared
to the FIG simulation, as shown in Figure 31.
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Figure 30. EKF, UKF, and AEGIS histograms of J f’k metric in Equation 202 for SIG simulation.

Plots include data from all objects at all simulation time steps
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Figure 31. Bar graphs showing the log;y average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with a SIG
tasking strategy.
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Figure 32. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with a SIG tasking strategy.

While the UKF provided a slight overall performance advantage to the EKF, Figure 31 shows
that the EKF produced lower average position estimate errors for several objects. The difference
was that for objects which accumulated the largest errors, the EKF would have a larger error than
the UKF or AEGIS filter (objects 11, 21, 34, 94), which would have resulted in a higher overall
average estimated position error in Table 8. Furthermore, Figure 31 shows that the UKF and in
particular the AEGIS filter produced lower average estimated position errors for the best
performing objects than the EKF (e.g. objects 5, 9, 30, etc).

The EKF, UKF and AEGIS filters still maintained differences in observations between all
objects, for which the large amount of observations the AEGIS-SIG combination produced for
several objects (e.g. objects 21, 34, 35, 39) was the most obvious difference. For these objects
where the AEGIS produced many more observations than the EKF or UKF, the AEGIS filter was
able to produce equal or better average estimated position errors. However, it was also the case
that for several objects which received relatively low updates using the AEGIS filter, average
estimated position errors were still lower than when using the EKF or UKF (e.g. objects 2, 49,
and 86). This points to the AEGIS filter providing efficient sensor schedules so that it could
achieve better performance using less estimates for many objects, occasionally leading to an
excessive amount of updates for some objects which accumulated the largest errors (e.g. objects
21 and 34). Also, in a similar manner to the FIG simulation, the AEGIS filter would generally
provide equal or more updates to objects which were available for few observations (e.g. objects
18, 19, 42, etc), and fewer observations for objects which were often available (most notably
object 57). This makes intuitive sense that objects with fewer availabilities for observations
should be given preference over objects which are readily available, and points to the AEGIS
filter being more efficient than either the EKF or UKF in terms of the sensor schedules which
resulted from its implementation with SIG.

To investigate why sensor tasking differed between the EKF, UKF, and AEGIS filters when
93
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implementing SIG, Figures 33 - 38 show when object 21 (the worst performing SIG object using
either filter) was available for observation, tasked for observation, as well as the time histories of
its position estimate error using SIG, the position error in the all data case, its maximum SIG
utility metric (at times it was available for observation), and the average SIG metric for objects
tasked for observation. Figures 36 - 38 shows that object 21 was not even available for
observation until a simulation time of about 110,000 seconds, where each filter provided
immediate tasking observations. The major differences between the filters in this case was that
the UKF and AEGIS filter provided much better updates (resulting in lower position errors) than
the EKF from a time span of 110,000 - 130,000 seconds, and that the AEGIS filter provided
much more observations (more than twice as many) than the EKF or UKF.

In Figures 36 - 38, the SIG metric for object 21 varies little between the EKF and UKF
filters, while there is a noticeable difference using the AEGIS filter. The first difference is that
the mean SIG for tasked objects consistently decreases throughout the simulation, where it stays
roughly the same for the EKF and UKF. The second is that the SIG metric for object 21 remains
closer to the mean for the AEGIS filter than the EKF or UKF, resulting in more observations
using the AEGIS filter. In either case, it is obvious that there is something which is driving the
AEGIS filter to produce different values for SIG than the EKF or UKF, resulting in different
tasking schedules, and overall better performance.
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Figure 33. Plot of the position error Ar;, and tasking decisions for object 21 using SIG tasking

strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between object 21 and one or more sensors.
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Figure 34. Plot of the position error Ar,, and tasking decisions for object 21 using SIG tasking

strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between object 21 and one or more sensors.

To investigate this, Figure 39 shows the evolution of the estimated error ellipse area for the EKF,
UKF, and AEGIS filter for object 21. This figure is chosen since the SIG metric uses

determinants of the covariance estimate in its calculation, and since the calculation of A, takes

the square root of the product of position covariance eigenvalues®’, the determinant of the
covariance and estimated error ellipse area will be strongly correlated. Therefore, from Figure

39, it is obvious that the time histories of Am differ between the filters, as they did in the all data
simulation illustrated in Figure 16. The primary difference is that the AEGIS filter typically gets

much better covariance updates resulting in a lower value of Am when updates occur, and

therefore less divergence in Am in subsequent time steps when updates do not occur. Since the

SIG metric relies on the ratio of determinants of covariance estimates between the forecast and
update steps, if this change is greater for the AEGIS filter than other filters, it will result in a
different evolution in the SIG metric as well. In the case of object 21 using an AEGIS filter, the

result is that the SIG metric decreases more over time, due to less divergence in Am during the

forecast step, and less reduction in Am during observations (since there is less potential to

obtain information for covariance estimates which are lower with respect to the EKF and UKF).
Furthermore, if the AEGIS filter provides a larger reduction in covariance estimates during
observations than the EKF or UKF, it will take less simulation time for many objects to obtain

20 Recall the product of eigenvalues is the same as the determinant of a matrix
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low covariance estimates, and therefore objects with larger uncertainty (such as object 21, due to
the long period of no observations in the first half of the simulation) should be allocated more
observations, such as the case with object 21 (and the other objects with the worst errors as

shown in Figures 31 - 32).
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Figure 35. Plot of the position error Ar,, and tasking decisions for object 21 using SIG tasking

strategy in conjunction with an AEGIS Filter. Thick sections of line reflect times when

observations were available between object 21 and one or more sensors.

" ;\ i
Ay ) @ - i
i h:.gﬁ RTRRTEY : ?
o ! i 1 AT HE-T] 1 I
= A TR T T I N '4 -
1 i L 5 Pl i (-
g | h’t ;! Ef; :iﬂ;ﬁ;‘a‘@i‘z: S W
= 4 H1 LAt I 5 t A K
£10° L :lla'flp ME Tt '”"’..‘;\n’:' LR ."'E 1
= i Yingh gt ,,hlq"n-ﬂiimn‘iu. j'u%;
! g..l r.. Lo.ghi..fi '”l Ui Wi -&:,", |
o i i y T |
() = H J L1 1
——Object Max SIG
=== Mean SIG of Tasked Objects
O Object Observed
1 ! ! | !
0 2 4 5] 8 10
Time (sec)

Figure 36. Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG tasking
strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.
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Figure 37. Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG tasking
strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.
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Figure 38. Plot of the SIG utility metric Al and tasking decisions for object 21 using SIG tasking
strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between that object and one or more sensors.

These findings could be extended when comparing the EKF and UKF, in that the same
rationale applies regarding the propagation and updating of the covariance estimate. In this case,
the UKF provides on average slightly better updates than the EKF, and can provide better
propagation depending on the nonlinearity of the governing dynamics. In this case, there is a

noticeable difference in the propagation of Am (and therefore related to a difference in the

propagation of covariance estimates) from the start of the simulation until about 110,000
seconds. In addition, the first series of updates just after 110,000 seconds results in a lower value

of Am for the UKF than the EKF, indicating the UKF received greater reduction in the
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covariance estimate than the EKF at that time. However, since these better updates resulted in a
lower value of Am for only a small portion of the simulation, the differences in sensor tasking

between the EKF and UKF for object 21 were slight, with the UKF only receiving one more
additional update than the EKF, while the AEGIS filter received 45 additional updates.

err

—EKF estimated error ellipse area
-=-UKF estimated error ellipse area
o AEGIS estimated error ellipse area
X Object Observed Using EKF

O Object Observed Using UKF

O Object Observed Using AEGIS

Estimated Error Ellipse Area A (kmz)
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Figure 39. EKF, UKF, and AEGIS plots of Am =7 Aikéf’k metric for object 21 in the SIG

simulation

4.3.4 LLE Tasking

Table 9 shows the scalar performance metrics outlined in Equations 198 and 201 for the low-
error simulation using LLE tasking. In addition, figures showing the distribution of position

errors and how these errors compared to the estimated 367, provided by the filter covariance

estimates are presented in Figures 40 - 41.

Table 9. Simulation Performance Metrics for LLE Low-Error Simulation

Filter <Er> (km) <Ar> (km?) <E:>Tasking <A:>Tasking

(B | (A7)
T
All Data T/ All Data

EKF 7.999 4.018 x 10° 1.451 1.107

UKF 7.687 3.095 x 10° 1.394 1.116

AEGIS | 6.324 2.751 x 10° 1.365 1.070
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Figure 40. EKF, UKF, and AEGIS histograms of position estimate error distributions for the
LLE simulation. Plots include data from all objects at all simulation time steps.
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When observing the performance utilizing LLE tasking, it provides better estimates for all
filters than the FIG strategy, and worse than the SIG method. In addition, the EKF and
UKF/AEGIS filter do not show the same magnitude of performance discrepancies as they did in
the case of using FIG-based tasking. From observing Figures 40 - 41, using an LLE tasking
strategy results in more objects within position estimate errors of 5 km, and much less (especially

for the EKF) greater than 100 km, or greater than 36;, when compared to the FIG strategy.

However, when compared to the SIG results, it does not provide better results in any of these
categories. In addition, just as the case with FIG and SIG tasking strategies, performance
discrepancies did exist between the application of EKF, UKF, and AEGIS filters, as shown by
the ratio of LLE average position error compared to the all data case as shown in the third
column of Table 9. In this case, the EKF provided the worst performance, while the AEGIS filter
provided the best. The reason for the EKF’s poor performance with respect to the other filters
was that it produced the least percentage of position estimates within 10 km and within

0.85;, <Ar, <1.26;,, most outside of 10 km and greater than 357, .

For the UKF-LLE combination, the UKF performed the best in terms of producing few
position errors outside of the 36;, bounds as shown in Figure 41, and managed to obtain better
position errors as shown by Table 9 and Figure 40 than in the FIG simulation, but still did not
generate the quality of estimates as in the SIG simulation. Furthermore, the UKF produced the
second most percentage of errors within 10 km and 0.86,, < Ar,, <1.25;,, falling short only to

the AEGIS filter.
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Figure 41. EKF, UKF, and AEGIS histograms of le . metric in Equation 202 for the LLE

simulation. Plots include data from all objects at all simulation time steps

The AEGIS filter once again produced the best performance using the LLE tasking, as
reflected by having the lowest scalar performance metrics in Table 9. Furthermore, Figure 40
shows that the AEGIS filter provided a disproportionate amount of estimates within the tightest
position error bounds of Ar,, <1km, as it did in all the data, FIG, and SIG simulations. When

observing Figure 20, while the AEGIS filter produced more position errors outside of the 357,

bounds than the UKF, these estimates were few (less than 2%). What is more important is that
the AEGIS filter produced the most position errors within 0.86;, <Ar,, <1.26;, , meaning that

while it produced slightly more position errors outside the 36;, bounds than the UKF, it also

generally produced more accurate uncertainty estimates than the UKF or EKF.

To investigate why performance discrepancies existed in the implementation of the EKF,
UKF, and AEGIS filters in conjunction with an LLE tasking strategy, Figures 42 - 43 show the
amount of updates each simulated object received along with their corresponding average
position errors in the LLE simulation.

In contrast to Figure 22, Figure 43 shows a more even distribution of observations among all
the simulated objects in much the same way as Figure 32. Furthermore, while several objects
have a minor difference in the amount of updates received using an EKF, UKF, or AEGIS filter,
these differences are nowhere near the magnitude shown in Figure 22, except for a few objects
using the AEGIS filter (e.g. objects 57, 63, and 71). What is interesting though is that for most of
the objects with the worst position estimate errors (e.g. objects 11, 21, 27, 34, 38, 94, etc.) the
EKF either had an approximately equal or moderately worse average position estimate error than
the UKF or AEGIS filters, though these objects often received more updates than the UKF, and
much less than the AEGIS filter. In fact, just as the case with using SIG tasking, the worst

performing objects received a disproportionate amount of updates using the AEGIS filter. These
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differences in tasking decisions show the UKF can provide less observations to a poor
performing object than the EKF while still maintaining better estimates than the EKF, while the
AEGIS filter is able to allocate a large amounts of sensor resources to a few poorly performing
objects while still maintaining typically better performance for other objects as compared to the
EKF or UKF. In fact, many objects which were able to obtain the best performance under the
AEGIS filter were given the least number of updates with respect to the EKF and UKF, such as
objects 5, 22, 49, 70, and 88.
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Figure 42. Bar graphs showing the log;o average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with an LLE
tasking strategy.
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Figure 43. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with an LLE tasking strategy.

To examine the LLE metric, and how it effects tasking decisions between the EKF, UKF, and
AEGIS filter, Figures 44 - 49 show when object 21 (the worst performing LLE object using

either filter) was available for observation, tasked for observation, as well as the time histories of
101
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its position estimate error using LLE, the position error in the all data case, its maximum LLE
utility metric (at times it was available for observation), and the average LLE metric for objects

tasked for observation.

Position Error Ar (km)
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— LLE Position Error
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Figure 44. Plot of the position error Ar, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with an EKF. Thick sections of line reflect times when
observations were available between object 21 and one or more sensors.
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Figure 45. Plot of the position error Ar, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with a UKF. Thick sections of line reflect times when
observations were available between object 21 and one or more sensors.
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Figure 46. Plot of the position error Ar;, and tasking decisions for object 21 using the LLE

tasking strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between object 21 and one or more sensors.
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Figure 47. Plot of the LLE utility metric A and tasking decisions for object 21 using the LLE
tasking strategy in conjunction with an EKF. Thick sections of line reflect times when
observations were available between that object and one or more sensors.

Figures 44 - 45 show that the worst object in the LLE simulation was one that experienced a
very long time span when observations were not possible, between times of approximately 0 -
110,000 seconds (this is the same object with the worst performance in the all data and SIG
simulations). For all filters, the object was immediately observed at the first instance it was
available, which was one trait the LLE metric was hypothesized to provide, as described in

Section 3.3.
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Figure 48. Plot of the LLE utility metric A and tasking decisions for object 21 using the LLE
tasking strategy in conjunction with a UKF. Thick sections of line reflect times when
observations were available between that object and one or more sensors.
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Figure 49. Plot of the LLE utility metric A' and tasking decisions for object 21 using the LLE
tasking strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between that object and one or more sensors.

Since object 21 had similar numbers of updates between the EKF and UKF (25 for the EKF, 24
for the UKF), there was little difference between performance, though the UKF ended with a
better position estimate than the EKF. This slight difference of one observation follows the trend
that for the objects with the worst estimation errors, the UKF resulted in slightly less
observations than the EKF, as was observed in Figure 43. Figure 46 differs from Figures 44 - 45
primarily in how many more updates object 21 received (52 observations) using the AEGIS filter
as opposed to the EKF or UKF. This was more than double what object 21 received for either the
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EKF or UKF, and follows the same trait that was observed using SIG tasking in that the AEGIS
filter provides a disproportionate amount of updates to the worst performing objects. What is
interesting is that it does this without sacrificing performance on the objects which receive less
updates, indicating that in the case of SIG or LLE tasking, the AEGIS filter provides the most
efficient tasking decisions.

Figures 47 - 49 show that the LLE metric has a strong correlation to the actual estimate error
as the simulation progresses (i.e. rises and falls with estimate error). The result is that the LLE
metric provides an effective prioritization scheme which gives preference to observe objects with
diverging estimation errors, resulting in the few objects with errors greater than 100 km as seen
in Figure 42.

In addition, as was the case for the SIG simulation, the LLE metric for the AEGIS filter
behaves slightly different than the EKF or UKF, in that its average value of tasked objects
decreases more over time than for the EKF or UKF. As explained in the SIG simulation, this is
the result of the advantages in obtaining the covariance estimate using the AEGIS filter as
opposed to the EKF or UKF. While the LLE and SIG metrics differ in their calculation, they
both require a scalar quantification of the estimated covariance matrix in their calculation. In the
case of the LLE metric, this is the square root of the trace of the forecast step covariance, which
is normalized with respect to the square root of the trace of the initial covariance estimate (equal
for all objects). Therefore, for the LLE metric to consistently decrease in its time history (in both
the overall average and of object 21), it implies that the covariance estimates are continuously
decreasing using the AEGIS filter, where for the EKF and UKF they are somewhat stabilized.
This fact that covariance estimates experience a greater reduction per observation using the
AEGIS filter as opposed to the EKF or UKF also explains why the worst objects are given so
many observations using the AEGIS filter because the average LLE value among all objects
decreases more using the AEGIS filter. As with the SIG simulation, these observations point to
the AEGIS filter providing not only an estimation advantage, but also a tasking advantage using
the LLE strategy as opposed to the EKF or UKF.

4.4 High-Error Simulation

As described in Section 3, 100 objects are distributed with semi major axes and eccentricities
shown in Figure 50. Even though 100 objects were originally created, as with in the low-error
simulation, only 94 of these objects made passes within at least one sensor’s field of regard
during the simulation time span. Since there is no purpose in evaluating performance of objects
which could never have been physically observed by any sensors, all simulation performance is
calculated with respect to the Ny = 94 objects which had the possibility for observation.
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Figure 50. Distribution of semimajor axes and eccentricities of 100 obJects in high-error
simulation.

Initial object state standard deviations (used in both selecting the initial state estimates, and
defining the initial covariance estimate) for the high-error test case are given in Table 10.

Table 10. Initial Standard Deviations: High-Error Simulation

Standard Deviation | Value (for all 1)
= 10 (km)
o 10 (km)
o, 10~ (km/sec)
o, 10~ (km/sec)

Additionally, sensor noise is increased and given in Table 11. In this case, the noise for each
sensor is a function of the effective range and half angle of that sensor (i.e. noise increases as
effective range increases).
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Table 11. Sensor Noise for High-Error Simulations

Sensor (j) v! (km) vY (deg)
1 2.055 0.0134
2 4318 0.0031
3 3.273 0.0044
4 1.1936 0.0071
5 3.559 0.0039

4.4.1 All Data Tasking

Histograms showing percentage of position errors falling within the bins described in Section
4.2 for the all data simulation is presented in Figure 51. Another histogram showing the
percentage of position errors falling within specified multiplicative factors of the estimated
position standard deviation are found in Figure 52. Additionally, tabulated results showing the
scalar performance metrics outlined in Equations 198 and 201 are presented in Table 12.

Table 12. Simulation Performance Metrics for All Data High-Error Simulation

. NG 2
Filter <Ef> (km) <Ar> (k')
EKF 18.442 9.515 x 10

UKF 15.071 8.465 x 10
AEGIS | 13.850 7.853 x 10

From observing Figures 51 - 52 as well as Table 12, the AEGIS filter once again has the best
performance in the all data simulation, followed by the UKF and EKF, as was the case in the
low-error simulation. While scalar performance metrics were higher than in the low-error case,
many of the trends from the low-error simulation continued into the high-error simulation. One
trend that was not repeated was the difference in scalar performance metrics between the EKF
and UKEF filters. In the high-error case, the inferior initial state/covariance estimates and updates
of these estimates (due to the higher sensor noise) have a more adverse effect on the
implementation of the EKF than the UKF or AEGIS filters.
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Figure 51. EKF, UKF, and AEGIS histograms of position estimate error distributions for all data
simulation. Plots include data from all objects at all simulation time steps.
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Figure 52. EKF, UKF, and AEGIS histograms of Jik metric in Equation 202 for all data

simulation. Plots include data from all objects at all simulation time steps.

This results in the EKF producing a worse average position error as seen in Table 12 (where
in the low-error simulation the EKF and UKF produced roughly equal values), and a small
percentage of position errors Ar,, >1000 km (opposed to none in the low-error case) or increase

of position estimates Ar,, > 36], as seen in Figures 51 - 52 respectively.

The AEGIS filter once again performs the best due to the fact that it had the lowest average
position error, which resulted from the greatest percentage of position estimates within 1 km, as
well as the lowest average estimated error ellipse area. Figure 52 also shows that while the
AEGIS filter provides the lowest average estimated error ellipse area, it still occasionally has
over confident uncertainty estimates (as shown by having a small percentage of position errors
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Ar,, >36;, ). Additionally, just as in the low-error simulation, the UKF and the AEGIS filter

produced the most position errors within 0.86], <Ar, <1.26], , as shown in Figure 52.

However, in this case the two produced roughly an equal percentage of estimates in this range,
unlike in the low-error simulation where the AEGIS filter produced more.

To investigate the propagation of the hyper volume of uncertainty (more accurately, a metric
which is proportional to that hyper volume), Figure 53 shows the propagation of the average
error ellipse area in Equation 201 for the object with the worst average position error. Much like
in the low-error simulation, the AEGIS filter consistently provides the lowest error ellipse area,
indicating a lower extent of estimate uncertainty, which is validated by the lower average
position estimate errors obtained by the AEGIS filter, as shown in the Table 12 and Figure 51.
The major difference between the same results for the low-error case (Figure 16) is that in many
time periods, the UKF actually has a higher average error ellipse area than the EKF. This is the
result of the EKF’s tendency to be over confident in its estimates, as described previously. The

low value for A_, for the EKF as compared to the UKF for this simulation coincides with a
greater tendency to produce inaccurate error estimates (as illustrated by the large percentage of
EKF position estimates Ar,, >36;, ), and therefore points to a fault and not an advantage with
these lower EKF A __ values.
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Figure 53. EKF, UKF, and AEGIS plots of A, =7./¢!\ {7 metric for the object with the

highest average position error in the all data simulation.

To investigate how each individual object performed in the all data simulation, Figure 54
shows the average position error for each simulated object, while Figure 55 shows how many
updates each of these objects received. Figure 55 illustrates the diversity in the number of
updates each object received, which Figure 54 shows is strongly correlated to the average
position error an object would obtain throughout the simulation. Just as with the low-error
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simulation, some objects are sparsely available for observation (e.g. objects 1, 8, 76, among
others), while other objects have several (most notably object 71). For all objects, the AEGIS
filter had the greatest tendency to provide the best average position errors as opposed to the EKF
or UKF, which both had a series of objects with the worst errors. In fact, for many of the objects
which had the worst average errors, the EKF always performed worse than the UKF (e.g. objects
39, 54, 81, and 94).
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Figure 54. Bar graphs showing the log;o average position error for each object given in Equation
200, through implementation of an EKF, UKF, and AEGIS filter in conjunction with all data
tasking strategy. In this case, the filters have equal amounts of updates, reflecting the maximum
updates possible for all objects.
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Figure 55. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with all data tasking strategy. In this case, the filters
have equal amounts of updates, reflecting the maximum updates possible for all objects.
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4.4.2 FIG Tasking
Table 13 shows the scalar performance metrics outlined in Equations 198 and 201 for the
low-error simulation using FIG-based tasking. In addition, figures showing the distribution of

position errors and how these errors compared to the estimated 36;, provided by the filter

covariance estimates are presented in Figures 56 - 57.

The EKF, UKF, and AEGIS filter all had similar performance using FIG-based tasking in the
high-error test case as in the low-error, with the AEGIS filter performing the best, and the EKF
experiencing a disproportionate drop in performance with respect to the other filters. This is
shown in the very large average error metric in Table 13, along with a drastic increase of position
estimate errors (Ar, ) greater than 100 km in Figure 56, as well as percentage of position

estimate errors greater than 36], in Figure 57. In the latter case, the percentage of position
estimate errors greater than 36/, increased drastically in the high-error test case for the EKF,

representing 12% of all estimates as opposed to 6% for the low-error FIG simulation. In contrast,
the UKF and AEGIS filters did not experience this increase in poor estimates, indicating that the
increase in errors led to much more drastic performance discrepancies when tasking was
implemented than in the low-error simulations. This is also reflected in the relatively close

proximity of the values for <Aen> between the two filters in comparison to their large deviations

in <E’:> This again implies that the EKF has a greater tendency to underestimate the possible

error in its estimations than the UKF or AEGIS filters. The poor performance shown in the EKF-
FIG combination would lead to either severely inaccurate object uncertainty and/or location
estimates, or an inability to continue to monitor those objects should these methods be used in a
real satellite tracking application.

As for the UKF-FIG combination, the performance was much better, and trends were similar
to those in the low-error test case. Furthermore, the AEGIS filter also performed similar to the
low-error test case, reflected by having the lowest scalar performance metrics in Table 13, the
highest percentage of estimates within the tightest position error bounds of rjx 1 km and the most

position errors within 0.867, < Ar,, <1.267, .
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Table 13. Simulation Performance Metrics for FIG High-Error Simulation

Filter | (E7) (k) | (A7) (k) | B/ | AP i
< r >AH Data <IAr >All Data
EKF 1.418x10° | 4.959x10° 76.889 5.211
UKF 25.248 1.345x 10° 1.675 1.589
AEGIS 24.316 1.178 x 10° 1.756 1.500
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Figure 56. EKF, UKF, and AEGIS histograms of position estimate error distributions for FIG
simulation. Plots include data from all objects at all simulation time steps.

To investigate why performance discrepancies existed in the implementation of EKF, UKF,
and AEGIS filters in conjunction with an FIG tasking strategy, Figures 58 - 59 show the amount
of updates each simulated object received along with their corresponding average position errors
in the FIG simulation.

As shown in Figure 59, several objects received a disproportionately large amount of updates
(e.g. objects 10, 11, 25, and especially 71) with respect to many others which received little to
none. The result was generally the same as in the low-error test case, in that several objects
accumulated large estimate errors due to these few updates, while those that had the most
observations had very good average position estimate errors. In particular, the objects which
received little to no observations had errors which were much greater when using an EKF as
opposed to a UKF or AEGIS filter (e.g. objects 12, 24, 31, 32, etc.), which resulted in the vast
performance discrepancies between the EKF and other two filters as seen in Table 13, as well as
Figures 56 - 57. Furthermore, Figure 59 shows that for the particular objects that received little
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updates, the UKF and AEGIS filter consistently had more updates than the EKF (which
sometimes had zero), with the UKF usually having the most. In all of these cases, the AEGIS
filter generally provided better or of equal quality estimates than the EKF or UKF, even at times
when it resulted in less updates for a particular object than the UKF. Similarly, the EKF always
produced more observations for those objects which had the lowest average position estimate
errors, followed by the AEGIS filter and finally the UKF with the least updates (objects 10, 11,
18, 25, 36, etc.). This generally resulted in those objects having lower average position estimate
errors using an EKF than a UKF, which the AEGIS errors would be lower than both.
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Figure 57. EKF, UKF, and AEGIS histograms of J lp . metric in Equation 202 for FIG simulation.

Plots include data from all objects at all simulation time steps
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Figure 58. Bar graphs showing the log;y average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with a FIG

tasking strategy.
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To investigate why there was such a performance discrepancy between the EKF and other
filters when implementing FIG, Figures 60 - 65 show when object 59 (the worst performing FIG
object using either filter) was available for observation, tasked for observation, as well as the
time histories of its position estimate error using FIG, the position error in the all data case, its
maximum FIG utility metric (at times it was available for observation), and the average FIG
metric for objects tasked for observation. Figure 60 shows that despite being available for
observation for much of the simulation, using the EKF only resulted in 4 observations while the
UKEF resulted in 18 and the AEGIS filter 11. This increase in observations leads to the position
error for this object to be much better, and much more stable for the UKF and AEGIS filter than
the EKF where it diverged drastically.

In the case of the AEGIS filter, it was able to on average maintain a better position estimate
error than the UKF throughout the whole simulation for object 59 using approximately two thirds
of the updates.

When observing Figures 63 - 65, results were almost identical to the low-error test case. The
EKEF failed to produce updates to object 59 because its FIG metric was consistently below the
average FIG for tasked objects, while the UKF and AEGIS filters produced FIG values more on
par with the average of tasked objects. Furthermore, the FIG time history for the EKF was more
homogeneous (less spikes) than for the UKF or AEGIS filter, due to the zero valued velocity
information in the EKF’s calculation of FIG, as detailed in Equation 203. As with the low-error
test case, the FIG metric for the EKF is uncorrelated with the filter’s uncertainty (taking the form
of sigma point distributions in the UKF and AEGIS filters) and therefore remains fairly constant
throughout the simulation. The only differences between the high and low-error test cases were

that there was slightly more variation in the FIG metric for the EKF (due to the sensor noise
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being different for each sensor), and that the spikes for object 59 in Figures 64 - 65 diminished
earlier in the simulation. The latter is due to less divergence in the estimate errors for object 59 in
the high-error case as opposed to object 71 in the low-error case, resulting in less possible
information gain in the high-error case, and therefore less spikes in Figures 64 - 65 as opposed to
Figures 27 - 28.
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Figure 60. Plot of the position error Ar,, and tasking decisions for object 59 using FIG tasking

strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between object 59 and one or more sensors.
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Figure 61. Plot of the position error Ar,, and tasking decisions for object 59 using FIG tasking

strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between object 59 and one or more sensors.
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Figure 62. Plot of the position error Ar,, and tasking decisions for object 59xusing FIG tasking

strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between object 59 and one or more sensors.
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Figure 63. Plot of the FIG utility metric and tasking decisions for object 59 using FIG tasking
strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.
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Figure 64. Plot of the FIG utility metric and tasking decisions for object 59 using FIG tasking
strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.
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Figure 65. Plot of the FIG utility metric and tasking decisions for object 59 using FIG tasking
strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between that object and one or more sensors.

4.4.3 SIG Tasking

Table 14 shows the scalar performance metrics outlined in Equations 198 and 201 for the
high-error simulation using SIG tasking. In addition, figures showing the distribution of position

errors and how these errors compared to the estimated 36;, provided by the filter covariance

estimates are presented in Figures 66 - 67. Results show that each filter obtains better
performance than in the implementation of the FIG tasking strategy in the same manner as the
low-error test case. Also like in the low-error simulations, the SIG tasking strategy does not have
the disproportionately bad performance for the EKF, though the EKF did not fare as well

compared to the UKF and AEGIS filter as it did in the low-error simulation. This is shown in the
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relatively high average position error metric with respect to the UKF and AEGIS filter in Table
13, along with the small percentage of position estimate errors Ar,, >1000 km in Figure 66, and

percentage of position estimate errors greater than 367, in Figure 67. In the latter case, much

like in the FIG high-error simulation, the amount of position estimates Ar,, >36], increased

from the low-error SIG simulation for the EKF, while it remained roughly the same for the UKF
and AEGIS filter. Once again, this points to the EKF being more susceptible to producing poor
covariance (uncertainty) estimates as the amount of error increases in the simulation. This is

compounded by the fact that the EKF also produced the most position errors Ar,, <0.26/, and

the least within 0.86;, < Ar,, <1.26;, , meaning it produced the most overconfident (uncertainty

estimate much smaller than actual error) and under confident (uncertainty estimate much larger
than actual error) uncertainty estimates, while also producing the least accurate uncertainty
estimates (uncertainty estimate is a fair approximation of actual error).

For the UKF-SIG combination, the UKF produced very little position errors outside of the

367, bounds as shown in Figure 67, and managed to obtain better position errors as shown by
Table 14 and Figure 29 than in the FIG simulation. These results deviated vary little from the
trends seen in the low-error simulation, except that the overall average errors and distribution of
errors were of a higher magnitude.

The AEGIS filter once again produced the best performance using the SIG tasking as it did in
the low-error simulations. Furthermore, Figure 56 shows that the AEGIS filter provided a
disproportionate amount of estimates within the tightest position error bounds of Ar,, <1, as it
did in the low-error SIG simulations. When observing Figure 57, while the AEGIS filter once

again produced more position errors outside of the 36;, bounds than the UKF, these estimates

were few (less than 1%). What is more important is that the AEGIS filter produced the most
position errors within 0.86], < Ar,, <1.26], . Overall, like the UKF, there was little deviation in

the trends observed for the AEGIS filter between the low and high-error simulations.
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Table 14. Simulation Performance Metrics for SIG High-Error Simulation

Filter <E:> (km) < A;‘> (km?) <E:>Tasking <A:>Tasking

r
All Data '/ All Data

EKF 37.334 1.144 x 10° 2.024 1.202
UKF 18.642 1.060 x 10° 1.237 1.589
AEGIS 16.370 9.485 x 10° 1.182 1.208
50 . i . i
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Figure 66. EKF, UKF, and AEGIS histograms of position estimate error distributions for SIG
simulation. Plots include data from all objects at all simulation time steps.

To investigate why performance discrepancies existed in the implementation of EKF, UKF,
and AEGIS filters in conjunction with an SIG tasking strategy, Figures 68 - 69 show the amount
of updates each simulated object received along with their corresponding average position errors
in the SIG simulation.
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Figure 67. EKF, UKF, and AEGIS histograms of J f’k metric in Equation 202 for SIG simulation.

Plots include data from all objects at all simulation time steps.
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Figure 68. Bar graphs showing the log;y average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with an SIG
tasking strategy.
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As shown in Figure 69, when using SIG tasking there was a more even distribution of
observations as opposed to the FIG simulation, resulting in less objects accumulating large
estimate errors than was experienced using FIG tasking. Once again, this followed the same
trend as in the low-error simulation, except that there were no objects for which the AEGIS filter
produced a much larger magnitude of observations than the EKF or UKF. However, the AEGIS
filter still produced much different tasking schedules for many objects when compared to the
number of updates those object received using the EKF or UKF. In some cases, the AEGIS filter
resulted in much more updates than the EKF or UKF (e.g. objects 8, 16, 17, etc.) while for others
it produced fewer (e.g. objects 4, 10, 11, 71, etc). As with the low-error simulation, these
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different tasking schedules typically resulted in lower average position errors than the EKF or
UKEF, pointing to a greater degree of tasking efficiency when using the AEGIS filter.
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Figure 69. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with a SIG tasking strategy.
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While the UKF provided a slight overall performance advantage to the EKF, Figure 68 shows
that the EKF produced lower average position estimate errors for several objects. Much like in
the low-error simulation, the difference was that for objects which accumulated the largest
errors, the EKF would have an equal or greater error than the UKF or AEGIS filter (e.g. objects
8, 58, 81, and most notably object 39), which would have resulted in a higher overall average
estimated position error in Table 14. Furthermore, Figure 68 shows that unlike in the low-error
test case, the UKF did not consistently produce lower average estimated position errors for the
best performing objects than the EKF.

Also, in a similar manner to the low-error simulation, the AEGIS filter would generally
provide equal or more updates to objects which were available for few observations (e.g. objects
1, 8, 93, etc), and less observations for objects which were often available (most notably object
71). This again points to the more efficient sensor schedules using the AEGIS filter, in that it can
use less observations to create equal or better average position errors for objects frequently
available for observation, allowing for more observations to objects sparsely available to any
Sensors.

To investigate why sensor tasking differed between the EKF, UKF, and AEGIS filter when
implementing SIG, Figures 70 - 75 show when object 39 (the worst performing SIG object using
either filter) was available for observation, tasked for observation, as well as the time histories of
its position estimate error using SIG, the position error in the all data case, its maximum SIG
utility metric (at times it was available for observation), and the average SIG metric for objects
tasked for observation. Figures 73 - 75 show that object 39, while having many available
windows for observation, experiences three long periods when no observations were possible

(roughly 5,000 - 50,000 sec, 51,000 - 99,000 sec, and 100,000 - 135,000 sec). The major
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differences between the filters in this case was that the UKF and AEGIS filter provided better
updates (i.e. decreased position error more) than the EKF, and that the AEGIS filter provided
many more observations than the EKF or UKF (17 for the EKF and UKF, 33 for the AEGIS
filter). With respect to providing better updates, Figures 74 - 75 show that the UKF and AEGIS
filter can recover easier from a position error which has diverged to a large extent, going from a
position error of roughly 1000 km to one which is just below 10 km. While these errors are too
high for any practical application of satellite tracking, they illustrate in general terms the benefit
a better filter can provide, in that it’s easier to recover from a diverging estimation error using
these filters as opposed to an EKF (which comparatively went from about 1000 km to about 100
km).

When observing Figures 73 - 75, the SIG metric for object 39 varies little between the EKF
and UKF filters, while there is a noticeable difference using the AEGIS filter, as was the case in
the low-error test case. Once again, these differences are that the mean SIG for tasked objects
decreases to a larger extent throughout the simulation for the AEGIS filter, and the SIG metric
for object 39 remains closer to the mean for the AEGIS filter than the EKF or UKF, resulting in
more observations using the AEGIS filter. As was the case for the low-error simulation, this can
be explained by observing the time history of the average estimated error ellipse metric in Figure
76. As a reiteration from the low-error simulation, the AEGIS filter typically gets much better

covariance updates resulting in a lower value of A, when updates occur, and therefore less

divergence in Am in subsequent time steps when updates do not occur. Since the SIG metric
relies on the ratio of determinants of covariance estimates between the forecast and update steps,
if this change is greater for the AEGIS filter than other filters, it will result in a different
evolution in the SIG metric as well.
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Figure 70. Plot of the position error Ar,, and tasking decisions for object 39 using SIG tasking

strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between object 39 and one or more sensors.
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Figure 71. Plot of the position error Ar,, and tasking decisions for object 39 using SIG tasking

strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between object 39 and one or more sensors.
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Figure 72. Plot of the position error Ar,, and tasking decisions for object 39 using SIG tasking

strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between object 39 and one or more sensors.
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Figure 73. Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG tasking
strategy in conjunction with an EKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.
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Figure 74. Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG tasking
strategy in conjunction with a UKF. Thick sections of line reflect times when observations were
available between that object and one or more sensors.

124
Approved for public release; distribution is unlimited.



_10° ;
<] ' 1
= i ]
Q [
= i 4
@ n
= 1 i
(0] i { pri l!':"
@ 4ol | et
10" || ——Object Max SIG ottt 1
| :
: i -~ Mean SIG of Tasked Objects 1
I O Object Observed ]
1[}'2 i I I ] | | I ] |
0 2 4 6 8 10 12 14 16 18
Time (sec) x 10"

Figure 75. Plot of the SIG utility metric Al and tasking decisions for object 39 using SIG tasking
strategy in conjunction with an AEGIS filter. Thick sections of line reflect times when
observations were available between that object and one or more sensors.

Also of interest is the evolution of the value for Aen for the UKF as compared to the EKF. In

much the same way as Figure 53, the EKF often produces a lower value of Am for much more

of the simulation than the UKF, a result which goes counter to its higher position errors as seen
in Figure 70. This once again illustrated why the EKF can be over confident in its uncertainty

estimates, resulting in a higher percentage of position errors Ar, >36;, and overall worse

performance than the UKF.
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Figure 76. EKF, UKF, and AEGIS plots of A, =7,/¢] &7 metric for object 39 in the SIG

simulation.
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4.4.4 LLE Tasking

Table 15 shows the scalar performance metrics outlined in Equations 198 and 201 for the
high-error simulation using LLE tasking. In addition, figures showing the distribution of position

errors and how these errors compared to the estimated 36/, provided by the filter covariance

estimates are presented in Figures 77 - 78.

Table 15. Simulation Performance Metrics for LLE High-Error Simulation

Filter <E:> (km) <Aj> (kmz) <E: > Tasking <A:> Tasking

(B yiow | (A7)
'/ All Data T/ All Data

EKF 21.451 1.131x 10° 1.163 1.188

UKF 17.249 1.042 x 10° 1.145 1.231

AEGIS 16.193 9.463 x 10 1.169 1.205
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Figure 77. EKF, UKF, and AEGIS histograms of position estimate error distributions for LLE
simulation. Plots include data from all objects at all simulation time steps.

When observing the performance utilizing LLE tasking, it provides better estimates for all filters
than the FIG strategy, but in contrast to the low-error simulation also results in better
performance than the SIG method. This benefit is most prevalent in the EKF, which showed
significant improvement in overall performance when compared to the SIG simulation, while the
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AEGIS filter showed only a slight improvement. From observing Figures 77 - 78, though the
LLE tasking strategy results in less objects within position estimate errors of 1 km than the SIG
method, it also results in less than 50 km, which accounted for most of the improved
performance when compared to the SIG simulation. Additionally, while the EKF had a large
improvement in its average position estimate error, it also produced roughly the same percentage
of position estimate errors Ar,, >36;, as the SIG simulation. Additionally, while the AEGIS

filter did not show a drastic improvement in performance over the SIG method, there was an
increase in position estimate errors in the range 0.867, < Ar,, <1.26], over the SIG simulation,

indicating that the AEGIS filter provided slightly more accurate uncertainty estimates using the

LLE tasking strategy.
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Figure 78. EKF, UKF, and AEGIS histograms of Jf’k metric in Equation 202 for LLE
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simulation. Plots include data from all objects at all simulation time steps.

When compared to results in the low-error simulation, the AEGIS filter produced less

position estimates outside the Ar, >36], bounds, while all filters produced more accurate
estimates in the range of 0.8, <Ar, <1.26], . This is interesting in that all of the filters

produced more accurate uncertainty estimates in the high-error estimation than in the low-error
estimation, a fact that aided in the superior performance of the LLE method over the SIG method
in the high-error simulation. Furthermore, the three filters had a greater discrepancy between
performance metrics in the high-error case, with the difference between the EKF and UKF being
higher than that of the UKF and AEGIS filter. Again, as with the FIG and SIG simulations, the
high-error simulation shows that the EKF is more susceptible to poor performance due to a
higher simulation error when compared to the UKF or AEGIS filter.

To investigate why performance discrepancies existed in the implementation of EKF, UKF,
and AEGIS filters in conjunction with an LLE tasking strategy, Figures 79 - 80 show the amount
of updates each simulated object received along with their corresponding average position errors
in the LLE simulation.
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Figure 79. Bar graphs showing the log;o average position error for each object given in Equation
200, through implementation of an EKF, UKF and AEGIS filter in conjunction with an LLE

tasking strategy.

Once again, as was the case with the low-error simulation, Figure 80, shows a more even
distribution of observations among all the simulated objects than the FIG method, and is more
similar to the SIG method. There does exist a slight difference in the LLE and SIG methods, in
that the LLE method resulted in slightly better performance to several of the worst performing
objects (e.g. objects 1, 16, 17, 91, 92, etc. and especially object 39), while resulting in slightly
worse performance for objects which performed relatively well (e.g. objects 10, 11, 18, 25, etc.).
Also in a similar manner to the SIG method and LLE low-error simulation, while several objects
have a minor difference in the amount of updates received using an EKF or UKF, the AEGIS
filter provides much different tasking strategies for many objects. For the objects with the worst
position estimate error (e.g. objects 8, 35, 39, 44, etc.) the EKF either had an equal or slightly
worse (the only case where the position estimate error was drastically worse was for object 39)
average position estimate error than the UKF, and would receive equal or slightly less updates.
This indicates that while the tasking decisions between the filters are not as obvious as with
using FIG-based tasking, slight discrepancies still exist which show the UKF typically provides
more observations to the worse performing objects than the EKF, resulting in more efficient
tasking decisions. For many of these objects, the AEGIS filter would provide more updates than
either the EKF or UKF, often resulting in a better average position estimate error. In much the
same way as the SIG method, the LLE tasking using the AEGIS filter would also typically result
in less observations for objects with the best average position estimate errors than the EKF or
UKF, while generally resulting in comparable to improved performance (e.g. objects 10, 11, 13,
18, etc.).
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Figure 80. Bar graphs showing the updates each object received through implementation of an
EKF, UKF, and AEGIS filter in conjunction with an LLE tasking strategy.

To examine the LLE metric, and how it affects tasking decisions between the EKF, UKF, and
AEGIS filter, Figures 81 - 86 show when object 39 (the worst performing LLE object using
either filter) was available for observation, tasked for observation, as well as the time histories of
its position estimate error using LLE, the position error in the all data case, its maximum LLE
utility metric (at times it was available for observation), and the average LLE metric for objects

tasked for observation.
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Figure 81. Plot of the position error Ar,, and tasking decisions for object 39 using LLE tasking

strategy in conjunction with an EKF. Thick sections of line are times at which observations were

available between object 39 and one or more sensors.
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Figure 82. Plot of the position error Ar,, and tasking decisions for object 39 using LLE tasking

strategy in conjunction with a UKF. Thick sections of line are times at which observations were
available between object 39 and one or more sensors.

Figures 81 - 82 show that the worst object in the LLE simulation was one that experienced long
time spans when observations were not possible, the largest of these periods between times of
approximately 5,000 - 50,000 seconds, 55,000 - 95,000 seconds, and 105,000 - 135,000 seconds.
In each case, the object was immediately observed at the first instance it was available, which
was one trait the LLE metric was hypothesized to provide, as was the case in the low-error
simulation. During these time spans, the position estimate error would begin to diverge, as was
expected. However, while both diverged, they did so at different rates, particularly in the time
span of 55,000 - 95,000 seconds. This was largely due to the better updates the UKF and AEGIS
filter received as opposed to the EKF at approximately 50,000 seconds, as illustrated by the
larger drop in position estimate errors. After these updates, the error from the UKF and AEGIS
filter did not diverge at the same rate as the EKF. Due to this, once observations were again
possible around 95,000 seconds, the position error using the UKF and AEGIS filter were
considerably less than the EKF. Since object 39 had equal updates at equal times using both the
EKF and UKF over these time spans, the difference in performance can be directly attributed to
the filter selection, and not a filter/tasking coupling effect. However, at the time shortly after
95,000 seconds observations were once again available for a short period of time, for which the
EKF received 2 and the UKF received 3. This slight difference of one observation follows the
trend that for the objects with the worst estimation errors, the UKF resulted in slightly more
observations than the EKF, as was observed in Figure 80. A similar additional update occurred
near the end of the simulation at approximately 165,000 seconds, where the UKF received 4 and
the EKF 3. The result, both from the two additional updates gained from the UKF (there were 31
total for the EKF, 33 for the UKF) as well as the UKF’s more effective updates was that the UKF
consistently had a lower position estimate error than the EKF, and ended on a final value
approximately one order of magnitude lower.
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Figure 83. Plot of the position error Ar,, and tasking decisions for object 39 using LLE tasking

strategy in conjunction with an AEGIS filter. Thick sections of line are times at which
observations were available between object 39 and one or more sensors.
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Figure 84. Plot of the LLE utility metric A" and tasking decisions for object 39 using LLE
tasking strategy in conjunction with an EKF. Thick sections of line are times at which
observations were available between that object and one or more sensors.
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Figure 85. Plot of the LLE utility metric A' and tasking decisions for object 39 using LLE
tasking strategy in conjunction with a UKF. Thick sections of line are times at which
observations were available between that object and one or more sensors.
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Figure 86. Plot of the LLE utility metric A" and tasking decisions for object 39 using LLE
tasking strategy in conjunction with an AEGIS filter. Thick sections of line are times at which
observations were available between that object and one or more sensors.

Figure 83 differs from Figures 81 - 82 primarily in how many more updates object 39
received using the AEGIS filter as opposed to the EKF or UKF (47 observations compared to 31
for the EKF and 33 for the UKF). Like in the low-error test case, this was much higher than what
object 39 received for either the EKF or UKF, and follows the same trait that the AEGIS filter
provides a disproportionate amount of updates to the worst performing objects, resulting in more

efficient tasking compared to the EKF or UKF.
Figures 84 - 86 show that the LLE metric has a strong correlation to the actual estimate error
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as the simulation progresses (i.e. rises and falls with estimate error) as it did in the low-error
simulation. In addition, as was the case for the SIG simulation and LLE low-error simulation, the
LLE metric for the AEGIS filter behaves slightly different than the EKF or UKF, in that its
average value of tasked objects decreases more over time than for the EKF or UKF. As
explained in the SIG high-error simulation, this results from the advantages in obtaining the
covariance estimate using the AEGIS filter as opposed to the EKF or UKF. The reason for this is
the same as it was in the low-error LLE simulation, in that the covariance estimates are
decreasing more using the AEGIS filter, where for the EKF and UKF they are more stabilized.
This results in the worst objects being tasked for more observations using the AEGIS filter
because the average LLE value among all objects decreases to a greater extent. As with the SIG
simulation, these observations point to the AEGIS filter providing not only an estimation
advantage, but also a tasking advantage using the LLE strategy as opposed to the EKF or UKF.
When compared to the SIG high-error simulation, the higher initial errors and sensor noise result
in more divergence in estimation errors for poorly performing objects. Since the LLE metric is
supposed to task objects for observation based upon the divergence of these estimation errors, it
is better at avoiding this divergence than the SIG method, resulting in the improved performance
with respect to the SIG method in the high-error simulations.

133
Approved for public release; distribution is unlimited.



5.0 CONCLUSIONS

In these studies, the relationship between nonlinear state/uncertainty estimation and dynamic
sensor tasking was investigated as applied to a simplified two-dimensional satellite tracking
problem. Estimator and tasking combinations were tested against two of these tracking scenarios,
one in which initial estimation errors and sensor noise were low (reflecting ideal tracking
conditions) while the other had higher initial errors and sensor noise (highlighting how these
combinations fare in non-ideal conditions). The estimators used were an extended Kalman filter
(EKF), an unscented Kalman filter (UKF), and an adaptive entropy-based Gaussian information
synthesis (AEGIS) filter, while the tasking methods were based on information-theoretic
approaches using Fisher information gain (FIG), Shannon information gain (SIG), and a new
stability approach using largest Lyapunov exponent estimation (LLE). Simulation results showed
that not only was the discrepancy between the three estimators drastic at times, but that the
tasking methods based on LLE and SIG in combination with an AEGIS filter provided the most
accurate estimates, while FIG based tasking with an EKF provided the worst.

When comparing the three methods of tasking, in both the high-error and low-error
simulations the implementation of FIG tasking consistently resulted in the worst performance for
all filters with respect to either the SIG or LLE tasking methods. This is primarily due to the
FIG-based tasking failing to distribute sensor observations among all the satellites, causing a
more rapid divergence of some of the satellite’s estimation errors. This poor distribution is both a
result of FIG being myopic in its implementation, as well as it being a measure of absolute (and
therefore unscaled) information gain, leading to objects being observed based on the information
increase between an object-sensor pair at a single simulation time step. Consequently, an object-
sensor pair that consistently has a low value of FIG with respect to other objects will rarely be
observed, while ones that have a high FIG will be observed very frequently. This differed from
the implementation of SIG tasking, which while still myopic, was a relative measure of
information, meaning that even though an observation of a particular object may reflect a low
total gain in information with respect to others, if the gain in information is a substantial
improvement to its current information state the object will have a high priority for observation.
This resulted in a more even distribution of observations for SIG tasking, which was the best
performing tasking method for all filters in the low-error simulation.

However, in the high-error simulation for all three filters, the LLE-based tasking provided
more accurate estimates of both the satellite state and uncertainty. The LLE metric is based on
assessing the stability of the filter-specific error dynamics over the total simulation time, such
that objects that have diverging estimates of uncertainty gain higher priorities for observation.
While this performed better than the SIG tasking in the high-error simulation, it did not do so in
the low-error simulation. This was because in the low-error simulation, divergence of estimation
error was not as much of a concern than in the high-error simulation, meaning that in the low-
error simulation a myopic approach had little consequences, and therefore the SIG approach
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resulted in the best performance. In contrast, not observing an object with tendencies towards
diverging estimation errors in the high-error simulation could have much greater consequences,
and therefore the LLE method tasked to avoid these divergences, and resulted in better
performance for several objects which had the greatest divergence in estimation error. However,
while the LLE method was beneficial for those few objects, the myopic SIG method provided
better performance for objects with lower estimation errors. This points to the LLE tasking
method being advantageous in tracking situations when estimation errors are expected to
diverge, while an SIG approach would be better when estimation errors are expected to remain
more stable, or when objects are expected to maintain a low degree of uncertainty.

When comparing the three estimators used, the AEGIS filter consistently had the best
performance for any tasking strategy, followed by the UKF and finally the EKF with the worst.
One of the clearest examples of this filter discrepancy (and therefore an example of a filter-
tasking coupling effect) was with the FIG tasking, and results from how the FIG is calculated
based on the filter implemented. For an EKF, it will be based solely on sensor noise and partials
of the nonlinear measurement function, and for a UKF or AEGIS filter it will be based on the
sensor noise and distribution of sigma points. This resulted in the extremely poor performance
seen with the FIG-EKF combination. While performance discrepancies were much less extreme
for the other filter/tasking combinations, discrepancies still existed, and were generally more
dramatic for the high-error simulations than the low-error simulations. In particular, much of
these discrepancies were the result of the difference in covariance propagation and updating
between the three filters. In general, the EKF received the worst updates (i.e. obtained the
smallest reduction in uncertainty during an update) while the AEGIS received the best, a fact
which contributed mightily to the discrepancies in sensor tasking between the three filters. In
these discrepancies, the EKF generally resulted in the most inefficient tasking strategies,
followed by the UKF and AEGIS filters. These inefficient tasking decisions were highlighted in
the SIG and LLE tasking strategies, where the EKF would produce slightly less updates to the
worst performing objects than the UKF or AEGIS filter. In these cases, the UKF produced
slightly more updates while the AEGIS filter produced at times over twice as much. This was
due to the AEGIS filter providing superior updates during observation, meaning it could use less
updates to obtain a satisfactory degree of uncertainty for many objects, leaving a surplus of
updates to be used on the worst performing objects, and therefore resulting in the most efficient
tasking strategies.

While these studies illustrated that a coupling effect is present between estimator type and
tasking strategies (should those strategies be covariance-based), this work can be furthered by
incorporating different nonlinear filters, and by examining the coupling between estimation and
data association. In the former, particle filters could be implemented. While computationally
expensive, these filters can generate non-Gaussian mean and covariance estimates which
describe the location and uncertainty of an object using no approximations. The benefit of this
could be that a particle filter can provide more accurate estimates of tasking metrics, possibly

providing better performance as opposed to filters which are constrained to have Gaussian PDFs.
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However, a setback to particle filters is that while they can describe a non-Gaussian mean and
covariance, they give no indication of the PDF those estimates describe, unlike the AEGIS filter
which does both.

In the latter case, including data association would help investigate a very important
component in satellite tracking problems which was purposefully omitted from these studies.
Since this work was concerned with the coupling between estimation and covariance-based
sensor tasking, incorporating the process of data association would have introduced an
unnecessary variable to this work. However, since many data association techniques use
uncertainty estimates to validate whether observations are being taken on one object as opposed
to another (in close proximity), the work done in these studies could translate into examining
coupling between estimation, sensor tasking, and data association. The objective of such research
would be to show how the process of satellite tracking can be improved by the application of
better filters, not only in the estimation component, but in other factions of the problem which
use estimates in their implementation. This would show the effects of synergy between different
subsets of satellite tracking problems such as space situational awareness, and could be a benefit
in the advancement of this very important problem comprising elements of spacecraft mission
modeling, conjunction analysis, space object characterization, validation, orbit determination,
and sensor network management.

136
Approved for public release; distribution is unlimited.



REFERENCES

[1] Wan, E. and van-der Merwe, R., Kalman Filtering and Neural Networks, chap. 7, Wiley
(2001).

[2] DeMars, K., Nonlinear Orbit Uncertainty Prediction and Rectification for Space
Situational Awareness, Ph.D. thesis, The University of Texas at Austin, Department of
Aerospace Engineering (2010).

[3] Miller, J. G., “A New Sensor Allocation Algorithm For The Space Surveillance Network,”
Military Operations Research, 12, pp. 57-70 (2007).

[4] Vallado, D. A. and Griesbach, J. D., “Simulating Space Surveillance Networks,” in AAS 11-
580, Advances in the Astronautical Sciences, vol. 142, pp. 2769 — 2787 (2011).

[5] S pace Surveillance Network Optimization (SSNO), Tech. rep., B0001-3.1.4-SSNO-RPT-01,
Lockheed Martin Mission Systems (2002).

[6] Zatezalo, A., El-Fallah, A., Mahler, R., Mehra, R. K., and Brown, J., “Dispersed and
Disparate Sensor Management for Tracking Low Earth Orbit Satellites,” in Signal
Processing, Sensor Fusion, and Target Recognition, Proc. of SPIE, vol. 7336 (2009).

[7] Chen, G., Chen, H., Pham, K., Blasch, E. and Cruz, J. B., “Awareness-Based Game-
Theoretic Space Resource Management,” in Sensors and Systems for Space Applications 11,
Proc. of SPIE, vol. 7330 (2009).

[8] Shen, D., Chen, G., Pham, K., and Blasch, E., “Trust-Based Sensor Allocation Algorithm in
Cooperative Space Search Problems,” in Sensors and Systems for Space Applications 1V,
Proc. of SPIE, vol. 8044 (2011).

[9] Schmaedeke, W., “Information Based Sensor Management,” in Signal Processing, Sensor
Fusion, and Target Recognition, Proc. of SPIE, vol. 1955 (1993).

[10] Kantz, T. and Schreiber, T., Nonlinear Time Series Analysis, 2nd ed., Cambridge
University Press (2004).

[11] Kalandros, M. K., Trailovic, L., Pao, L. Y., and Y. Bar-Shalom, “Tutorial on Multisensor
Management and Fusion Algorithms for Target Tracking,” in Proc. of the Amer. Cont. Conf.,
pp. 4734 — 4748 (2004).

[12] Hintz, K. and McVey, E., “Multi-Process Constrained Estimation,” in /[EEE Transactions on
Systems, Man, and Cybernetics, vol. 21, pp. 237 — 244 (1991).

[13] Aughenbaugh, J. and La Cour, B., “Sensor Management for Particle Filter Tracking,” in
IEEE Transactions on Aerospace and Electrical Systems, vol. 47, pp. 503 — 523 (2011).

[14] Tian, K. and Zhu, G., “Sensor Management Based on Fisher Information Gain,” Journal of
Systems Engineering & Electronics, 17(3), pp. 531 — 534 (2006).

[15] Cover, T. M. and Thomas, J. A., Elements of Information Theory, 2nd ed., Wiley and
Sons Inc. (2006).

[16] Kailath, T., Sayed, A., and Hassibi, B., Linear Estimation, Prentice Hall, pp. 325 — 329
(2000).

137
Approved for public release; distribution is unlimited.



[17] Ristic, B., Arulampalam, S., and Gordon, N., Beyond the Kalman Filter, chap. 1-4,
Artech House (2004).

[18] Hero, A., Castanion, D., Cochran, D., and Kastella, K., Foundations and Applications
of Sensor Management, Springer (2008).

[19] Chakravorty, S. and Erwin, R., “Information Space Receding Horizon Control,” in /EEE
Symposium on Adaptive Dynamic Programming and Reinforcement Learning, pp. 302 — 309
(2011).

[20] van Norden, W., de Jong, J., Bolderheij, F., and Rothkrantz, L., “Intelligent Task
Scheduling in Sensor Networks,” in 7th International Conference on Information Fusion, pp.
1351 — 1358 (2005).

[21] Erwin, R. S., Albuquerque, P., Jayaweera, S. K., and Hussein, 1., “Dynamic Sensor
Tasking for Space Situational Awareness,” in Proc. of the Amer. Cont. Conf., pp. 1153 —
1158 (2010).

[22] Kalman, R., “A New Approch to Linear Filtering and Prediction Problems,” Transactions
of the ASME - Journal of Basic Engineering, 82, pp. 35 — 45 (1960).

[23] Smith, G., Schmidt, S., and McGee, L., Application of Statistical Filter Theory to the
Optimal Estimation of Position and Velocity on Board a Circumlunar Vehicle, Tech. rep.,
Technical Report R-135, NASA (1962).

[24] Kim, J. and Sukkarieh, S., “Autonomous Airborne Navigation in Unknown Terrain
Environments,” in IEEE Transactions on Aerospace and Electrical Systems, vol. 40, pp.
1031 — 1045 (2004).

[25] Gelb, A., Kasper, J., Nash, R., Price, C., and Sutherland, A., Applied Optimal
Estimation, chap. 4, 6, The M.L.T. Press (1992).

[26] Julier, S., Uhlmann, J., and Durrant-Whyte, H., “A New Method for the Nonlinear
Transformation of Means and Covariances in Filters and Estimators,” IEEE Transactions
on Automatic Control, 45(3), pp. 477 — 482 (2000).

[27] Julier, S. and Uhlmann, J., “Unscented Kalman Filtering and Nonlinear Estimation,” in
Proc. of the IEEE, vol. 92, pp. 401 — 422 (2004).

[28] Teixeira, B. O. S., Santillo, M. A., Erwin, R. S., and Bernstein, D. S., “Spacecraft
Tracking Using Sampled-Data Kalman Filters,” IEEE Control Systems Magazine, 28(4), pp.
78 —94 (2008).

[29] Lee, D. and Alfriend, K. T., “Sigma Point Filtering for Sequential Orbit Estimation and
Prediction,” Journal of Spacecraft & Rockets, 44(2), pp. 388 — 398 (2007).

[30] Langelaan, J. W., “State Estimation for Autononous Flight in Cluttered Environments,”
Journal of Guidance, Control and Dynamics, 30(5), pp. 1414 — 1426 (2007).

[31] Sorenson, H. and Alspach, D., “Recursive Bayesian Estimation Using Gaussian Sums,”
Automatica, T, pp. 465 — 479 (1971).

[32] Alspach, D. and Sorenson, H., “Nonlinear Bayesian Estimation Using Gaussian Sum
Approximations,” in /EEE Transactions in Automatic Control, vol. AC-17.

[33] Giza, D., Singla, P., and Jah, M., “An Approach for Nonlinear Uncertainty Propagation:
138
Approved for public release; distribution is unlimited.



Application to Orbital Mechanics,” in AIAA Guidance, Navigation, and Control Conference
(2009).

[34] Terejau, G., Singla, P., Singh, T., and Scott, P., “Uncertainty Propagation for Nonlinear
Dynamic Systems Using Gaussian Mixture Models,” Journal of Guidance, Control, and
Dynamics, 31(6), pp. 1623 - 1633 (2008).

[35] DeMars, K., Bishop, R., and Jah, M., “A Splitting Gaussian Mixture Method for the
Propagation of Uncertainty in Orbital Mechanics,” in AAS 11-201, Advances in the
Astronautical Sciences, vol. 140 (2011).

[36] DeMars, K.J., Bishop, R.H., and Jah, M.K., “Space Object Tracking in the Presence of
Attitude-Dependant Solar Radiation Pressure Effects,” in AAS 11-582, Advances in the
Astronautical Sciences, vol. 142, pp. 2801 — 2820 (2011).

[37] Wolf, A., Swift, J., Swinney, H., and Vastant, J., “Determining Lyapunov Exponents
from Time Series,” Physica 16D, pp. 285 — 317 (1985).

[38] Rauf, F. and Ahmed, H. A., “Calculation of Lyapunov Exponents Through Nonlinear
Adaptive Filters,” in IEEE International Symposium on Circuits and Systems, vol. 1, pp. 568
—571, (1991).

[39] Vallado, D., Fundamentals of Astrodynamics and Applications, 3rd ed., Springer
(2007).

[40] Curtis, H., Orbital Mechanics for Engineering Students, Elsevier (2005).

[41] Rao, M. and Swift, R., Probability Theory with Applications, chap. 1, 2nd ed.,
Springer-Verlag (2006).

[42] Papoulis, A. and Pillai Probability, S., Random Variables and Stochastic Processes,
chap. 4, 4th ed., McGraw-Hill (2002).

[43] Handeby, G., Performance and Implementation Aspects of Nonlinear Filtering, Ph.D.
thesis, Linkoping University, Department of Electrical Engineering (2008).

[44] Weiner, N., The Extrapolation, Interpolation and Smoothing of Stationary Time
Series, John Wiley and Sons, pp. 149 — 160 (1949).

[45] Bode, H. and Shannon, C., “A Simplified Derivation of Linear Least-Squares Smoothing
and Prediction Theory,” in Proceedings IRE, vol. 38, pp. 417 — 425 (1950).

[46] Doob, J., Stochastic Processes, Wiley (1955)

[47] Loeve, M., Probability Theory, Van Nostrand Company (1955).

[48] Simon, D., Optimal State Estimation, Wiley (20006).

[49] Vergez, P. L., “Lyapunov Stability Analysis of an Orbit Determination Problem,” The
Journal of the Astronautical Sciences, 45(2), pp. 233 — 245 (1997).

[50] Hanebeck, U. D., Briechle, K., and Rauh, A., “Progressive Bayes: A New Framework for
Nonlinear State Estimation,” in Multisensor, Multisource Information Fusion: Architecture,
Algorithms and Applications (Proceedings of SPIE), vol. 5099, pp. 256 — 267 (2003).

[51] Hanebeck, U. D., “Progressive Bayesian Estimation for Nonlinear Discrete-Time
Systems: The Measurement Step,” in Proceedings of IEEE Conference on Multisensor

Fusion and Integration for Intelligent Systems, pp. 173 — 178 (2003).
139
Approved for public release; distribution is unlimited.



[52] Li, Y.and Li, L., “A Split and Merge EM Algorithm for Color Image Segmentation,” in
International Conference Intelligent Computing and Intelligent Systems, pp. 395 — 399
(2009).

[53] Li, Y., “A Novel Split and Merge EM Algorithm for Gaussian Mixture Model,” in Fifth
International Conference on Natural Computation, pp. 479 — 483 (2009).

[54] Huber, M., Bailey, T., Durrant-Whyte, H., and Hanebeck, U. D., “On Entropy
Approximation for Gaussian Mixture Random Vectors,” in Proceedings of IEEE
International Conference on Multisensor Fusion and Integration for Intelligent Systems, pp.
181 — 188 (2008).

[55] Maybeck, P. and Smith, B., “Multiple Model Tracker Based on Gaussian Mixture
Reduction for Maneuvering Targets in Clutter,” in 7th International Conference on
Information Fusion, pp. 40 — 47 (2005).

[56] Yao, Z. and Liu, D., “Gaussian Mixture Reduction Based on KI Divergence,” in
Proceedings of the Second International Conference on Future Computer and
Communication, vol. 1, pp. 630 — 634 (2010).

[57] Williams, J. L. and Maybeck, P. S., “Cost-Function-Based Gaussian Mixture Reduction
for Target Tracking,” in Proceedings of the Sixth International Conference on Information
Fusion, pp. 1047 — 1054 (2003).

[58] Junkins, J. L., Akella, M. R., and Alfriend, K. T., “Non-Gaussian Error Propagation in
Orbital Mechanics,” Journal of the Astronautical Sciences, 44(4), pp. 541 — 563 (1996).

[59] Park, R. S. and Scheeres, D. J., “Nonlinear Semi-Analytic Methods for Trajectory
Estimation,” Journal of Guidance, Control, and Dynamics, 30(6), pp. 1688 — 1676 (2007).
[60] DeMars, K. J., Cheng, Y., Bishop, R. H., and Jah, M. K., “Methods for Splitting Gaussian
Distributions and Applications within the AEGIS Filter,” in AAS 12-261, Advances in the

Astronautical Sciences, vol. 143, pp. 2379 — 2398 (2012).

[61] Nocedal, J. and Wright, S., Numerical Optimization, 2nd ed., Springer, pp. 355 — 420
(2006).

[62] Shannon, C., “A Mathematical Theory of Communication,” The Bell System Technical
Journal, 27, pp. 379 - 423, 623 — 656 (1948).

[63] Skagerstam, B., “On the Notions of Entropy and Information,” The Journal of Statistical
Physics, 12(6), pp. 449 — 462 (1975).

[64] Bourgault, F., Makarenko, A., Williams, S., Grocholsky, B., and Durrant-Whyte, H.,
“Information Based Adaptive Robotic Exploration,” in /IEEE International Conference on
Intelligent Robots and Systems, pp. 540 — 545 (2002).

[65] Makarenko, A., Williams, S., Bourgault, F., and Durrant-Whyte, H., “An Experiment in
Integrated Exploration,” in [IEEE International Conference on Intelligent Robots and
Systems, pp. 534 — 539 (2002).

[66] Hershey, J. R., “Approximating the Kullback Leibler Divergence Between Gaussian
Mixture Models,” in [EEE International Conference on Acoustics, Speech and Signal

Processing, vol. 4, pp. IV 317 — 320 (2007).
140
Approved for public release; distribution is unlimited.



[67] Khalil, H. K., Nonlinear Systems, 3rd ed., Prentice Hall, p. 111 (2002).

[68] Zhang, J. and Man, K., “Time Series Prediction Using Lyapunov Exponents in
Embedding Phase Space,” in Proc. of ICSP, pp. 221 — 224 (1998).

[69] Tanaks, T., Aihara, K., and Taki, M., “Analysis of Positive Lyapunov Exponents from
Random Time Series,” Phisica D, 111, pp. 42 — 50 (1998).

[70] Fujisaka, H., “Multiperiodic Flows, Chaos and Lyapunov Exponents,” Progress of
Theoretical Physics, 68(4), pp. 1105 — 1121 (1982).

141
Approved for public release; distribution is unlimited.



APPENDIX A - The Determinant of the FIG Matrix for an EKF

Consider a simple EKF filtering problem containing a two-state equation of motion
- T
X =[x,,%,]
with two measurement functions
- . -\T T
y= [h1 (X),h2 (x)] + [V1=Vz]

and measurement noise covariance

From the application of Equation 133, the FIG matrix is

o[ om/ex, ah,/ox, TR_1 oh,/ox, oh,/ox,
oh,/ox, oh,/éx, oh,/ox, oh,/ox,

which if simplified yields

[ahljz 1 +[ah2fi ohy oh, 1 oh, oh, 1

T2 2 2 2
ox, ) v, 0x, ) v, 0x,0X,V, O0OX,0X,V,

ohoh, 1 oh,oh, 1 (oh Y 1 (on,) 1
0%, Ox, V] X 0x, vy (0, ) v (0%, ) vy |

Taking the determinant of Equation (A.5) results in

al_((an ) L (o) 1(on Y 1 (on) 1
ox, ) vi \ox, ) vill\ox, ) vi \ox,) vi

_[ah, oh, 1 oh, 6h2LJ([6hl oh, 1 oh, athB:O

2 2 2 2
0X, 0X, v, OX, OX, V, 0x, 0X, v, OX, 0X, V,

(A.1)

(A2)

(A.3)

(A4)

(A.5)

(A.6)

Changing this simple example from an n state equation of motion and m observations yields the
same results, showing that for an EKF, the determinant of the FIG for these studies is always

Z€10.
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APPENDIX B - Estimation Algorithms

B.1 The Extended Kalman Filter [1]

Step 1: Initialization (time step k = 0)

State estimate: X, Covariance estimate: P,
Step 2: Forecast t €[t,,t,,,]

a) Propagate state estimate from time step k to k + 1

Xif,kﬂ =F (Xjk) (B-1)

b) Propagate state transition matrix from time step k to k + 1

: f
Integrate @, :(ZXTJ Do Do, = Lo (B-2)
it

c¢) Calculate covariance estimate
L A T
P = q)i,k\kHPi,k I:q)i,k\k+1:| +Q (B-3)
Step 3: Update (Given set of M’ sensors to task objecti at timek + 1, S, )

a) Calculate measurement partial and estimated measurement

an,(%3,,,)/o%

(B-4)

ikl
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S’i,k+l = ’ (B-5)

b) Calculate sensor noise covariance, cross covariance, innovation covariance,
and Kalman gain matrix

2
P ces ces
(Vsl’,k+1 ) 0 O
0 . .
2
P
. (Vsi/[,,k+1 )
Ri,k+1 = »
v
(st,kﬂ )
0 (B-6)
2
. cee v
0 0 (Vs,’w k+1 )
A T
xy _ pf
Pi,k+l - Pi,k+1 [Hi,k+1
vy Df T
P =Hipa P i
_py vy v
Ki,k+1 - Pi,k+l {Pi,k-H + Ri,k+1}
c¢) Update state and covariance estimates
S or ~ R
Xikn = Xijnr T K I:Yi,ku - Yi,k+1}
(B-7)

A g Af

_ _ yy T T
Pi,k+l — ik+l I<i,k+1 |:Pi,k+1 + Ri,k+l}Ki,k+1

d) Update time step k =k + 1 and repeat steps 2-3
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B.2 The Unscented Kalman Filter [1]
Step 1: Initialization (time step k = 0)
State estimate: X;,, Covariance estimate: P,

Sigma point weights:

A ) B
—(n+A)!+(l_a +,B), y=0
W =
! =1,....2n
2n+A) T
A
, 7=0
— (n+A)!
* 1
_ =1..2
2n+n)y T

Step 2: Forecast t e[t,,t,,,]

a) Draw and propagate sigma points from time step k to k + 1
Xix = ka [l]lx(2n+l) +tVn+A |:On><l 1A)i,CkH - lslckHJ
Zif,k+1 =F (Zi,k)

b) Compute state and covariance estimates

ot Zn 7 o E7
Xi,k+l = W Xix+

7=0

5F 2n £, of £, ot !
Pi,k+l = 27:0 W];/ |:Zi,k7+l - Xi,k+1]|:7(i,ky+1 - Xi,k+1:| + Qi,k
Step 3: Update (Given set of M’ sensors to task object I at time k + 1, Siia)

1

a) Calculate measurement sigma points and estimated measurement
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f.r =
hp (;(i,k+1 ’ szw,kﬂ)

Y/,
fr 3
h, (Zi,kﬂo Sslf’kﬂ)

ik+l =

fy <
hr// (Zi,k-H’ Ss]rv[r,k+l)

2n
S — WY
Yikn = § 17=0 Y

(B-12)

b) Calculate sensor noise covariance, cross covariance, innovation covariance,

and Kalman gain

B 2
Yol
(st,k+l ) 0

0 .

. P 2
- : (Vsi,,r,kﬂ)
ik+l = 2

174
(st,k+l)

2n A T

Xy _ 4 for _~«f G

Py = ZFO W, [Zi,kH Xi,k+1:||:Yi,k+1 Yi,k+1]
vy n w’ | v o Y7 ~ T
ikl = Zaymo WVp [ ikl T yi,k+l:|[ i+ _yi,k+1]

-1
— Xy yy T
Ki,k+1 - Pi,k+l {Pi,k+1 + Ri,k+1}

c¢) Update state and covariance estimates

A

* _ S f — A
Xi,k+1 = Xi,k+1 + Ki,k+1 I:Yi,kﬂ - Yi,k+1]

D* _ pf _ yy T T
Pi,k+1 - Pi,k+1 I<i,k+1 |:Pi,k+1 + Ri,k+1 } Ki,k+1

d) Update time step k = k + 1 and repeat steps 2-3
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B.3 The Adaptive Entropy-Based Gaussian Information Synthesis Filter [2]

Step 1: Initialization (time step k = 0)

GMM PDF: p*(%,; X}, Piy ) = 27 viop® (%,0:X 05, B} ) (B-15)
Sigma point weights
1
W =W'=—, y=1.,2n (B-16)
2n

Step 2: Forecast t e [t,,t,,, ]

a) Draw and propagate sigma points from time step k to k + 1 V1

Zil,k = X:l( [l]lx(Zn) + \/H[f)i,CkH’l - f)leHl]

(B-17)
f 1
Hiks = F (Zi,k)
b) If nonlinearity detected at time t, split using data in Table 1
c) Compute state and covariance estimates V1
GEl 2 fl,
Xix = ZFO ny;(i,kfl
) T (B-18)
AL n £l Sl fl, Sf )l
P = Zy=0 Wg |:Zi,k+y1 - Xi,k+1]|:7(i,k+71 - Xi,k+li| +Qiy
Step 3: Update
a) Calculate measurement sigma points and estimated measurement V1
_ o -
hp (Zi,kﬂ > ss{,k+1)
f.ly =
Ly hp (li,kﬂ > Ss;m,kﬂ)
Yia= o , 7y=0,..,2n 510
hl// (Zi,kﬂ’ sz,k+1) (B-19)
fly =
_hw (Zi,kﬂ’ ssi,[v,k-v-l )_

Al . 2n-1 Ly
Yikn = Z}/:O W, Yi,k+1
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b) Calculate sensor noise covariance, cross covariance, innovation covariance,
and Kalman gain V1

(Vp )2 0 0

s k+1
2

P
(Vs;,lr k+1 )

RT

kel —

(v )
0 (B-20)

2
eee vee v
L 0 0 (Vsﬁ,[r,kﬂ)
pot N o[t Ty ot
ikt = 20 Wp | ik ikl ikl Yik+l
Py}’,l _ 2n W24 Yl,}’ ol Yl,}’ _ol T
ikt = Zayo Vo | Yiket Yik+ ikl Yik+l

Kl =Py P2 +R]

1
i,k+1 ik+1 ik+1 i,k+1 }

c) Update state and covariance estimates and GMM weights V1

Srl 1 To ol

ik = Xijeor TKijn I:Yi,kﬂ - Yi,k+1]

P =B k! e Ry (K ) B-21
ikt = i ™ B | Bl T R [\ B en (B-21)

1 gf= S| Dyy.l L v ef= Lol Byy.l’
Vikan = VikP (Yi,k+17yi,k+l’Pi,k+l)/Zy:l VikP (yi,k+1’yi,k+l7Pi,k+1)

d) Update time step k = k + 1 and repeat steps 2-3
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LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS

System Dynamics and Parameters

Time

Total simulation time
Simulation time step duration
Total space objects in simulation
Set of object indices

Total sensors in simulation

Set of sensor indices

Object state vector

Process noise vector

Sensor state vector

Size of object/sensor state vectors
State transition matrix

Sensor field of regard

Sensor measurement vector

Sensor range measurement
Maximum sensor range
Sensor angle measurement
Maximum sensor half-angle
Sensor noise vector

UUHEE DD W8 Bl 0ZEs ~

Estimation
X Estimated object state vector
P Estimated object covariance matrix
G Estimated standard deviation
Q Process noise covariance matrix
¥y Estimated measurement
I1 Measurement function Jacobian
| Cross covariance matrix
p¥ Innovation covariance matrix
R Sensor noise covariance matrix
K Kalman Gain matrix
X Sigma points
A\ Sigma point weights for state estimate
w7 Sigma point weights for covariance estimate
L Total components in Gaussian mixture model
\Y Gaussian mixture model component weight
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H Shannon entropy

Sensor Tasking

Visibility matrix

Decision matrix

Fisher information matrix

Fisher information gain matrix

Utility metric for Fisher information gain
Shannon information

Utility metric for Shannon information gain

B e DM IR

Utility metric for largest Lyapunov exponent estimation

Simulation Performance and Parameters
Ar Difference in position between estimation and true value
<Er> Average position error

< A > Average estimated error ellipse area

jP Multiplicative factor between true position error and estimated position
standard deviation

Subscripts
k Simulation time step
i Object index
j Sensor index
Superscripts
a Indicates set of objects/sensors available for observation
T Indicates set of objects/sensors tasked for observation
f Forecast estimate
* Optimal estimate
Y Sigma point index
1 Gaussian mixture model component

Functions and Operators
f Object dynamics

F Propagation of object dynamics
£0 Orbiting sensor dynamics

o Ground-based sensor dynamics
h Sensor measurement function
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G Propagation of sensor dynamics

p Probability density function

p® Gaussian probability density function

Gaussian mixture model probability density function
E Expected value

\% Differential

Abbreviations

AEGIS Adaptive Entropy-based Gaussian-mixture Information Systhesis
EKF Extended Kalman Filter
FIG Fisher Information Gain
GBR  Ground Based Radar
GEO  Geosynchronous Earth Orbit
GMM  Gaussian Mixture Model
LEO Low Earth Orbit
LLE Largest Lyapunove Exponent
MEO  Medium Earth Orbit
PDF Probability Distribution Function
SIG Shannon Information Gain
SSA Space Surveillance Awareness
SSN Space Surveillance Network
UKF  Unscented Kalman Filter
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